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Abstract 
The use of an Atmospheric Chemistry-Transport Model (FRAME) over the UK 
and the development of its numerical and physical schemes 
Ammonia, sulphur dioxide and nitrogen oxides contribute to the acidification 
of soil and fresh water while ammonia and nitrogen dioxide also participate in the 
eutrophication of terrestrial and aquatic ecosystems. Acidification and eutrophication 
of soil and fresh water modify the delicate balance of pH and nutrients with the result 
of damage to ecosystems. These pollutants also react in the atmosphere forming 
secondary aerosol particles in the form of ammonium nitrate and ammonium 
sulphate with an associated long-range transport, which also affects UK 
neighbouring countries such as Norway and/or France. 
The relatively long runtime (days) of the FRAME model (Fine Resolution 
Atmospheric Multi-pollutant Exchange) was a limitation for using the model as a 
policymaker's tool. Introducing a new and faster numerical scheme (Finite Volume 
Method) reduced the runtime by a factor of —36. The FRAME model is now capable 
of performing 100 runs in 3 days. 
Introducing high-stack point sources in the emissions inventory led the 
FRAME model to overestimate sulphur concentrations in areas near strong point 
sources. The missing process was the plume rise of high-stack emissions which 
improved surface sulphur concentrations in those areas. The low-level emissions 
injection height has also been improved introducing a specific sector emission height 
(i.e. NQ emissions from cars at 1 m and ammonia emissions from housed livestock 
xiii 
at 3 m) giving a better performance in predicting ammonia and oxidised nitrogen 
surface concentrations. 
The FRAME model used a wind dataset derived from Jones (1981). This 
dataset uses the geostrophic wind rose and has an unusually high frequency of winds 
from a northerly direction. A different approach was chosen and a new wind dataset 
has been derived from radiosonde measurements from various stations across the 
FRAME domain. The new wind dataset enhanced the export of pollutants with an 
associated reduced deposition within the FRAME domain. 
The surface-atmosphere exchange of ammonia with vegetation is in general 
bi-directional. The single-layer canopy compensation point model was chosen to 
investigate the effect of the bi-directional exchange on the ammonia concentration 
and therefore on ammonia deposition. The preliminary results show how in areas of 
low ammonia emissions the ammonia concentration is enhanced. However, more 
work still needs to be done in terms of seasonal values such as temperature and 
humidity and a suitable gamma (temperature normalized compensation point) value 
for different land-use. 
Validation of the FRAME model was made carrying out a comparison 
between observations from various measurement networks, for surface 
concentrations and wet deposition and model prediction. A detailed analysis of 
model versus observations was made focusing on how the model is representative of 
an entire grid square (5 x 5 km2) whereas observation sites are more representative of 
the land-use type in which they are located. 
xlv 
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Chapter 1 Introduction 
The long-range transport of air pollutants was recognised as a problem in the 
late 1960s and in the 1970s. The major pollutant which caused acidification was 
sulphur. The UK sulphur emission (SO2) estimates went from -3.2 Tg S y' for the 
year 1970 to -0.6 Tg S y ' for the year 1999 (Goodwin et al., 2000). As the sulphur 
emission started to decline other pollutants such as nitrogen oxides and reduced 
nitrogen started to play a major role in acidification and eutrophication of soil and 
fresh water. UK nitrogen oxide emissions have not declined as drastically as sulphur 
(Goodwin et al., 2000), as nitrogen oxide emission estimates went from 0.7 Tg N y 1 
for the year 1970 to 0.5 Tg N y' for the year 1999 (Goodwin et al., 2000). Prior to 
the 1990s ammonia was not considered a priority for the effect on the ecosystems; 
therefore ammonia emissions have not changed much between 1970 and 1999. In 
1970 reduced nitrogen emissions were 0.3 Tg N y 1 and in 1999 0.28 Tg N y' 
(Misselbrook et al., 2000, Dragosits et al., 1998 and Goodwin et al., 2000). 
The UK decline of sulphur emissions is due to the closure of the coal mining 
industry in the late 1980s and early 1990s. This led to a cleaner environment since 
coal for the coal power plants was being imported to the UK from other countries 
with a lower sulphur content. Moreover nuclear, oil and natural gas operated power 
plants were commissioned. The result is a steep decline of sulphur emissions. 
Although nitrogen oxide was soon recognised as a problem for the environment and 
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human health, the emissions kept increasing through the early 1990s and only after 
introducing the three way catalytic converter and new diesel and petrol standards 
nitrogen oxide emissions declined in the middle of the 1990s (NEGTAP, 2001) 
(Figure 1-1). 
In 1999, the Gothenburg protocol was signed to abate acidification, 
eutrophication and ground-level ozone in Europe (UN/ECE, 1999). This protocol 
also includes emission targets for reduced nitrogen, sulphur and nitrogen oxides. 
Under the Gothenburg protocol, the European ammonia, nitrogen oxide and sulphur 
emissions have to be reduced by 12%, 41% and 63%, respectively, by 2010 
compared to the 1990 emissions. As reduced nitrogen, sulphur and nitrogen oxide 
emissions are highly linked to the UK and global economy, a 'total' and instant 
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Figure 1-1: Historical and forecast UK emissions for NH 3, SO2 and NO R. After NEGTAP, 2001. 
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In the atmosphere ammonia has a short life time (day) (Sutton et al., 1993a), 
but when it reacts with nitrate and/or sulphate, forming ammonium nitrate and 
ammonium sulphate, respectively, the lifetime of these secondary particles becomes 
days with an associated long-range transportation. Long-range transportation is a 
source of acidification and eutrophication of soil and fresh water for the UK 
neighbouring countries such as Norway and/or France, which is an ecological as well 
as a political issue. However neighbouring countries can also export pollutants to the 
UK. Political and ecological problems related to long-range transportation of 
pollution between European counties were formalised in 1979 by the Geneva 
Convention on Long-Range Transboundary Air Pollution (CLRTAP) (Tarrasón and 
Schaug, 1999). 
Agriculture is responsible for the vast majority of Europe and UK NH 3 
emissions, and accounted for 93% of the total (source European Environment 
Agency). More on this can be found in Chapter 4, section 2. 
Ammonium sulphate and ammonium nitrate not only participate in 
acidification and eutrophication of soil and fresh water, but can also influence the 
earth's radiative balance with a possible negative feedback to the climate due to their 
radiative properties (IPCC technical paper, 2002). Moreover, ammonium nitrate and 
ammonium sulphate can also have an impact on human health (AQEG, 2004). 
Atmospheric Transport Models (ATMs) can help to determine national and 
transboundary transport and deposition of pollutants. Between 1994 and 1996 R.J. 
Singles developed an ATM called the Fine Resolution AMmonia Exchange 
-_) - 
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(FRAME) model, which was a specialist model for ammonia and was used for 
predicting present and future scenarios of dry and wet reduced nitrogen deposition 
across Great Britain (Singles, 1996). Further developments to the model have been 
introduced by Fournier et a!, (200 4). 
In more recent years the application of FRAME widened from purely 
ammonia to consider multi-pollutant interactions, predicting ammonia, sulphur 
dioxide and nitrogen oxide, surface air concentrations and dry and wet deposition. 
1.1 Acidification and eutrophication 
Acidification is the loss of nutrient bases (calcium, magnesium and 
potassium) through the process of leaching and then replacement by acidic elements. 
The so called 'acid rain' is one of the major causes of acidification due to the process 
of oxidation of sulphur dioxide and nitrogen dioxide. The oxidation of sulphur 
dioxide to sulphuric acid and nitrogen dioxide to nitrate produces two hydrogen ions 
and one hydrogen ion, respectively (NEGTAP, 2001), as shown in equations (1-1). 
SO 2 +20H -* SO4 +2H 	
(1-1) 
NO 2 +0H - 2N0; +H 
Rain is not the only cause of acidification because SO2 and NO 2 can affect 
the soil acidity by dry depositing on the soil and ammonia is also a source of acidity 
(Sutton et al.. 1993b). 
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When soil is acidified due to anthropogenic emissions, the natural ability of 
the soil to neutralise acid may be insufficient. Change in acidity can alter the type of 
ecosystem in sensitive habitats. Hence biodiversity may be endangered when acidity 
increases in soil and fresh water. 
1.2 Policymakers requirement 
Anthropogenic pollutants such as ammonia, sulphur and nitrogen oxide have 
a complex spatial distribution across the United Kingdom. To predict the 
concentration and deposition of these pollutants across the UK simulations are 
essential to assess present and future emission scenarios. 
Policymakers such as the Air and Environment Quality (AEQ) division of the 
Department for Environment Food and Rural Affairs (DEFRA) require a quick and 
accurate tool to predict the effect of a specific emission reduction scenario prior to 
making it a national policy. 
The FRAME model was initially developed to overcome the run time 
problem of highly complex Eulerian models. Back to the 1990s, when the FRAME 
model initially started to be developed, the available computer power was, compared 
to the present day, 60 times slower with an associated runtime of 15 days (one 
simulated year). As computer calculation power follows the empirical Moore's law 
which states computer calculation power doubles every —20 months, one way to 
speed up the model runtime can be upgrading the computer every year, but the 
associated costs can be high. 
- 5 - 
Chapter 1 	 Introduction 
1.3 Object of this study 
The aim of this study is to predict NH. NOV, and SO, dry and wet deposition 
for present and future emission reduction scenarios studies. To achieve this goal the 
FRAME model has been updated and extended from the model developed by Singles 
et al. (1998) and Fournier et al. (2004). 
In this study the model is used to predict 1999 critical load exceedances for 
acidity and nitrogen nutrients. The critical loads are defined as the amount of 
pollutant which exceeds the maximum level of acidity or nutrient nitrogen in a 
specific habitat. A study of the footprint of the major sources of SO2 in the UK for 
2003 and for an emissions scenario for 2010 has also been carried out. 
A brief description of each chapter is as follows: 
Chapter 2. Introduction of other example ATMs, focusing on the EMEP 
(Eulerian) and STOCHEM (Lagrangian) models, followed by a general description 
of the FRAME model. 
Chapter 3. Introduction of a new numerical scheme to the model to solve the 
diffusion equation. The old scheme is the Runge-Kutta method, which is an explicit 
method with an associated limitation to the size of the time-step, whereas the new 






Chapter 4. Review of the emissions inventory for the year 1999 is made. 
Each emissions source is analysed and injected into the appropriate layers following 
a sensitivity analysis of injection height for the non high stack emissions. Moreover, 
for the high stack emissions a plume rise parameterisation is introduced. 
Chapter 5. Introduction of new wind speed and wind frequency datasets into 
FRAME. Previously wind speed and wind frequency were derived from Jones 
(1981). In addition, a new and extended deposition scheme is introduced here to 
allow bi-directional exchange of ammonia. 
Chapter 6. Sensitivity analysis of the FRAME model and a comparison of 
model prediction versus observation. 
Chapter 7. The FRAME model version 5.3 is used to determine critical load 
exceedances of acidity and nutrient nitrogen for 1999 and SO2 point sources foot 
print analyses for 2003 and 2010 
Chapter 8. Summary and future work. 
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Chapter 2 FRAME model description 
2.1 Introduction 
The FRAME (Fine Resolution Atmospheric Multi-pollutant Exchange) model 
is an atmospheric transport model (ATM) used to predict annual mean deposition of 
reduced nitrogen (NH,), oxidised sulphur (SO) and oxidised nitrogen (NO r). 
FRAME is a statistical straight-line trajectories, multi-layer, Lagrangiari model 
(Singles et al., 1998; Fournier et al., 2004). Prior to version 4.7, FRAME was used as 
a specialist ammonia model for predicting UK annual dry and wet NH deposition, 
and therefore less attention had been given to the model's treatment of NO and SO,, 
which were included to account for atmospheric reactions of NH. 
The domain of the FRAME model includes the United Kingdom and Eire and is 
divided into 172 x 244 grid squares of a 5 x 5 km2 resolution (Fournier, 2002). The 
model advects an air column (5 x 5 x 2.5 km3) using an 'optimised' wind speed 
(Singles, 1996) along straight trajectories. The air column is divided into 33 layers of 
thickness, varying from 1 in at the lowest layer up to 100 in at the top layer. There 
are four main processes that occur within the air column: emission, diffusion, 
chemistry and deposition. Dry deposition for ammonia is parameterised using a 
model of canopy resistance specific to land cover; pre-calculated land-dependent 
deposition velocities are used for SO2 and NO 2 . The remaining species have a fixed 
deposition velocity. Dry deposition removes pollutants at the ground level. Wet 
deposition uses a scavenging coefficient for each species to calculate the amount of 
pollutant removed from the air column by rain and also a seeder-feeder process of 
the orographic enhancement of wet deposition (Fournier et al., 2004). The prognostic 
chemical variables in the model are: NH 3 , NH4NO3 , (NH4) 2504, NO, NO2, NO 3 , 
2 HNO3 , PAN, SO2, H2SO4, SO. 
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2.2 Lagrangian and Eulerian ATM approaches 
ATMs can be grouped into two main families, Lagrangian and Eulerian. 
Eulerian and Lagrangian models can both be used to solve the same advection and 
diffusion equations. 
In the Eulerian approach the solution of advection and diffusion is calculated at 
each grid point used to discretise the model domain, whereas in the Lagrangian 
approach the solution of the advection—diffusion is following a parcel of air and 
advection—diffusion equations are defined at each location of the air parcel. 
In the Lagrangiari framework, two different ways can be used to calculate the 
air concentrations: particle and puffs. Lagrangian particle models distribute a number 
of particles across the model domain. Each particle is advected by a wind field, 
which is usually defined in a Eulerian framework. Additionally to the main advection 
motion, a random walk is superimposed on the main flow. This allows the particles 
to divert in random directions from the main flow, related to atmospheric turbulence. 
Sources and sinks of pollutants are made by producing and destroying particles, 
respectively or changing each particle's concentration. Lagrangian puff models 
release a puff to simulate the source of pollution. Each puff size is related to the 
amount of pollutant injected at each time step. The puff is thereafter advected by the 
main flow. Advected puffs expand, simulating the mixing and dispersion of 
pollutants in the atmosphere. The paths followed by particles and puffs when 
advected by the main flow are called trajectories. For both particle and puff 
Lagrangian methods, a discretisation using a grid covering the model domain, often 
referred to as a mesh, is required to calculate the atmospheric concentration of 
pollutants. 
The STOCHEM model (Stevenson et al., 2000) and EMEP Unified model 
(Simpson et al., 2003 and Tarrasón (ed.) 2003) are introduced here as examples of 
Lagrangian particle and Eulerian models, respectively. A full description of the 
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The two approaches, Lagrangian and Eulerian, have benefits and costs. One of 
the advantages in the lagrangian approach is that it is computationally inexpensive as 
each particle trajectory is independent of the others. However, it is not 
straightforward to implement physical processes, such as diffusion and convection. 
The Eulerian approach is computationally expensive, since, to evaluate the 
concentration at any grid point, values for all grid points of the model domain need 
to be calculated at the same time. Eulerian frameworks can deal explicitly with 
convection, diffusion, emissions and deposition. Moreover they share the same 
framework of most meteorological drivers. 
2.3 The STOCHEM model 
The STOCHEM model is a global 3D Lagrangian particle chemistry transport 
model. The model uses 50000 air parcels that are advected using the Met Office 
Unified model output. A more detailed model description can be found in Collins et 
al. (1997, 2003) and Stevenson et al. (2000). 
Each parcel of air contains 70 chemical species including NH3, (NH 4)2 SO4, NO, 
NO2 , NO3, HNO3, SO2, S042, and various hydrocarbons. A total of 174 chemical 
interactions are accounted for in the STOCHEM chemical scheme (Collins et al., 
1997). Convection is parameterised using a scheme that redistributes the air parcels 
in each grid square below cloud level according to the probability that an air parcel is 
convected or not. Thereafter the same chemical concentrations (well mixed) are 
assigned to all convected air parcels. The processes of dry and wet deposition are 
used to remove pollutants from the atmosphere. 
11- 
Chapter 2 	 FRAME model description 
2.3.1 STOCHEM model predictions of reduced nitrogen for the year 2000 
Figure 2-1 and Figure 2-2 shows an example of simulation of the STOCHEM 
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2.4 The EMEP Unified model 
The EMEP Unified model is a 3D Eulerian atmospheric transport model based 
on Berge and Jackobsen (1998). The model domain includes all Europe, with a 
resolution of 50 x 50 km2 in a north polar stereographic projection as shown in 
Figure 2-3. The EMEP Unified model uses 20 vertical layers to describe the 
troposphere using the so called 'terrain following' (Pielke, 1984) or coordinates. At 
the surface level a = 1 and at the top of the vertical domain —16 km a = 0. A 
specialised version of the HIgh Resolution Limited Area Model (HIRLAM) 
numerical weather prediction (NWP) model called PARLAM-PS is used as 
meteorological driver for the EMEP Unified model with a 3-hourly interval (Sandnes 








-'.-p 	 ------------ 
----------------- 	!. I - 	•t._ 	 - __._c. 	,. ..- 	- .... 	- .. 	 I 
. - 	- 	- 
I.! - .i. 	_ !...:1!::._- ----------------- - 	- 	-------- 
Figure 2-3: EMEP Unified model domain with 50 x 50 km 2 resolution on a polar stereographic 
projection. 
The chemical scheme used by the EMEP Unified model also includes NH 3 , 
NH4NO3 , (NH4)2SO4, NO, NO2 , NO3, HNO3 , PAN, SO2, H2SO4, S042 . A full 
description can be found in Simpson et a!, (2003). Dry and wet deposition is 
calculated using a resistances analogy and a scavenging coefficient, respectively. 
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2.4.1 EMEP model predictions of reduced nitrogen for the year 1999. 
Figure 2-3 and Figure 2-4 show an example of the results of the EMEP Unified 
model for the year 1999 for NI -h dry and wet deposition, respectively. 
Th 
J 
U 	 0.5 
Figure 2-4: NH,, dry deposition for 1999 predicted by the EMEP Unified model. 





U 	 0.5 
Figure 2-5: NH, wet deposition for 1999 predicted by the EMEP Unified model 
Units are g N m 2 y'. 
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2.5 The FRAME model 
The FRAME model uses both Eulerian and Lagrangian approaches to simulate 
the transport and deposition of pollutants. An air column of 2.5 km height is 
advected along a series of straight line trajectories covering the British Isles in a 
Lagrangian framework. Sources and sinks of pollutants within the air column are 
modelled in a Eulerian framework. 
The domain of the model covers the British Isles with a grid resolution of 5 x 5 
km2 and grid dimensions of 172 x 244 as shown in Figure 2-6. Input gas and aerosol 
concentrations at the edge of the model domain are calculated using FRAME-
EUROPE, a larger scale European simulation, which was developed from the TERN 
model (ApSimon et al., 1994) to run a statistical model over the entirety of Europe 
with a 150 x 150 km 2 resolution. 
The most important FRAME model features are introduced in the next sections, 
whereas a full and extended model description of the model can be found in Singles 







Figure 2-6: a) a 50 x 50 km2 grid is used here to show the FRAME model domain, however the 
model resolution is 10 times smaller (5 x 5 km2). b) Zoom in the FRAME model grid of 5 x 5 
km'. 
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2.5.1 Air column advection, lagrangian approach 
The air column is advected in a lagrangian framework along a series of parallel 
straight line trajectories covering the model domain for each of the 360, at 10 
resolution wind directions. Figure 2-7 shows a sample of three trajectories for the 
wind direction at 00,  45° and 90°. The advection wind speed (Singles, 1996) and wind 
frequency (Jones, 198 1) are shown in Figure 2-8. More on this and a new wind speed 
and wind frequency dataset, derived from radiosonde measurements, can be found in 
Chapter 5, section 1. 
A A A A AA 
Figure 2-7: Approximated straight line trajectory using grid cells. A series of parallel 
trajectories are used to cover the entire FRAME domain for each of the 360 wind directions. An 
example of three wind directions is shown here: a) 0°. b) 45° and c) 90°. The grid squares are 
indicative only and not representative of the 5 x 5 km 2 resolution. 











a) 	 b) 	 ISO 
Figure 2-8: Annual mean: a) Wind frequency % for a given wind direction (Jones, 1981). b) 
Optimised wind speeds m s (Singles, 1996). 
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A schematic view of the air column path across the FRAME model domain is 
shown in Figure 2-9. 
m] 
xport 
Figure 2-9: Schematic view of the advection of an air column in the FRAME model. a) The air 
column starts at the edge of the model domain reading the import from FRAME-EUROPE. b) 
The air column is advected using a wind speed derived in Singles (1998) following a straight line 
wind trajectory (360 wind directions with a 1 degree resolution). As the air column moves across 
the model domain emissions and deposition of pollutants takes place. c) The air column reaches 
the end of the model domain and the export is calculated for each wind direction. Each wind 
direction is weighted using a wind frequency derived from Jones (1981). 
2.5.2 Injection of pollutant in the air column 
Emissions of ammonia are estimated for each 5 x 5 km2 grid square using 
national data of farm animal numbers (cattle, poultry, pigs and sheep) as well as 
fertiliser application, crops and non-agricultural emissions (including traffic and 
contributions from human sources, wild animals etc.). The ammonia emissions 
inventory is described by Dragosits et al. (1998). NIH3 is emitted into the lowest 
layer. Emissions of SO2 and NO are from the National Atmospheric Emissions 
Inventory for the United Kingdom (Saiway et al., 1999). A detailed analysis of the 
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2.5.3 Vertical diffusion 
The diffusion of pollutants along the air column is modelled using the diffusion 
equation shown in equation (2-1). Generally, the diffusion coefficient k is not a 
constant, but is function of the variable z ( k = k(z), z is the vertical coordinate). This 
implies that the diffusion equation can not be solved analytically using standard 
techniques, but a numerical approach is used here to find the solution of equation 
(2-1). The 4t}  order Runge-Kutta method was used to solve equation (2-1) 
numerically: 
ax 	a 
---Ik aX  
8z' az (2-1) 
where x is the concentration, t is time, k the diffusion coefficient, and z the vertical 
coordinate. 
The Runge-Kutta method is an explicit method with limitation in the size of the 
time-step. The time-step has to be smaller than a fixed value depending on vertical 
resolution and diffusion coefficient with an associated large run-time. 
A new fully-implicit method (finite volume method) with no time-step 
restrictions and more information on the Runge-Kutta approach can be found in 
Chapter 3, section 1. 
Equation (2-1) needs to be approximated using the finite difference method in 
order to solve equation (2-1), as the Runge-Kutta method can only solve ordinary 
differential equations. The air column is then sub-divided into 33 layers of size 
varying from 1 m at the surface up to 100 in at the top as shown in Figure 2-10. The 
numerical solution of the diffusion equation is calculated in an Eulerian framework. 
More on this can be found in Chapter 3, section 1. 
The diffusion coefficient k is calculated using the same parameterisation 
(ApSimon, et al., 1994) as in Singles et al. (1998) and Fournier (2002). A typical 
vertical profile of k is shown in Figure 2-11. Preliminary work on a new approach for 
Chapter 2 
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calculating k is suggested in Appendix A, where a measurement-derived k is used for 
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Figure 2-10: FRAME model discretisation of the air column into 33 layers of sizes varying from 
I m at the bottom up to 100 m at the top. The air column is advected along a straight line 
trajectory covering the entire FRAME domain for 360 wind directions. The black dot indicates 






Figure 2-11: A typical vertical profile of the diffusion coefficient Ic 
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2.5.4 Wet deposition 
FRAME employs a constant drizzle approach to wet deposition, using 
precipitation rates calculated from a climatological map of average annual 
precipitation for the British Isles. Wet deposition of chemical species are calculated 
using scavenging coefficients based on those used in the EMEP model and can be 
found in Singles et al. (199 8) and Dore et al. (2005). 
An enhanced washout rate is assumed over hill areas due to the scavenging of 
cloud droplets by the seeder-feeder effect as shown in Figure 2-12. The washout rate 
for the orographic component of rainfall is assumed to be twice that calculated for 
the non-orographic component (Dore et al., 1992). The FRAME model makes no 
differentiation between in-cloud and below-cloud process and uses an average value 
of scavenging coefficient to describe the overall effect. Over areas where rainfall 
exceed 700 mm (Singles 1996), it is assumed that this excess rainfall is due to 
altitudinal effect, and thus a fraction of pollutants are also removed by the seeder-
feeder, therefore the scavenging coefficent is calculated by assuming that this excess 





into cloud droplets 
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in the UK 
Figure 2-12: Schematic view of the seeder-feeder effect. After NEGTAP (2001). 
FRAME incorporates the directional dependence of orographic rainfall by 
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directional dependence and orographic precipitation which is directionally dependent 
and stronger for wind directions associated with humid air masses. The directional 
orographic rainfall model is described in detail in Fournier (2002) and Fournier et al., 
2005. 
2.5.5 Dry deposition 
Dry deposition is calculated using equation (2-2): 
Ddfl , = X Vd 
	 (2-2) 
where Dd,- is the dry deposition rate, X  is the surface concentration 
(1st  layer of 
the FRAME model) and Vd is the deposition velocity. 
For ammonia, the deposition velocity is individually calculated at each grid 
square using a canopy resistance model. The deposition velocity is generated from 
the sums of the aerodynamic resistance, the laminar boundary layer resistance and 
the surface resistance as in Figure 2-13. More on ammonia dry deposition and bi-
directional exchange of ammonia can be found in Chapter 5, section 2, where a new 
surface exchange scheme is introduced to the FRAME model. 
Rb 
	Net Flux 
Figure 2-13: Canopy resistance model. Where Ra, aerodynamic resistance, Rb boundary layer 
resistance, R = canopy resistance and y. = NH 3 concentration in air. 
-21 - 
Chapter 2 	 FRAME model description 
Dry deposition of SO2 and NO 2 is calculated using maps of deposition velocity 
derived by the CEH 'big leaf model (Smith et al., 2000), which takes the surface 
properties into account as well as the geographical and altitudinal variations of the 
wind speed. Other species are assigned constant values of deposition velocity. The 






















Figure 2-14: NO2 deposition velocity derived by the CEH 'big leaf model (Smith et aL, 2000) 
which takes the surface properties into account as well as the geographical and altitudinal 
variation of the wind speed. a) arable, b) forest. c) moorland, d) grassland and e) urban. Units 
are mm s'. 
e l 
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igure 2-15: SO 2 deposition velocity derived by the CEH 'big leaf' model (Smith et aL, 2000) 
which takes the surface properties into account as well as the geographical and altitudinal 
variation of wind speed. a) arable, b) forest, c) moorland, d) grassland and e) urban. Units are 
mm s'. 
The deposition velocities of the remaining chemical species are shown for both 
land and sea in Table 2-1. 
Table 2-1: Deposition velocity used in the FRAME model. Where C is explicitly calculated using 
the canopy resistance model where T are tabulated from the output of the CEH 'big lear model 
(Smith Pt nI. 20Hu1\ 
Vd 
SO (NH42SO4 H2SO4 NH3 NO NO2 HNO3 NH4NO 3 NO3 PAN 
mm s 
land T 1.0 1.0 C 0.0 T 3.0 1.0 1.0 1.0 
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2.5.6 Chemistry 
The chemical scheme in FRAME is similar to that employed in the old EMEP 
acid deposition model (Barrett et al., 1995). For oxidised nitrogen, a suite of gas 
phase reactions is considered. These include photolytic dissociation of NO 2, 
oxidation of NO by ozone, formation of PAN (peroxyacetyl nitrate) and the creation 
of HNO3 by reaction with the OH free radical. NII-1 4NO3 aerosol is formed by the 
equilibrium reaction between I-IN0 3 and NH3.  A second category of large nitrate 
aerosols is present and simulates the deposition of nitric acid on to soil dust or 
marine aerosol. The formation of H2SO4 by gas phase oxidation of SO2 is 
represented by a predefined oxidation rate. H 2 SO4 then reacts with NH 3 to form 
ammonium sulphate aerosol. The aqueous phase reactions considered in the model 
include the oxidation of S(IV) by 03, H202 and the metal catalysed reaction with 02. 
A schematic view of the chemical scheme of the FRAME model is shown in Figure 
2-16. The most important chemical reaction coefficients used in the FRAME model 
are shown in Table 2-2. A more extensive description of the chemical scheme can be 
found in Singles (1996). 
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Figure 2-16: Chemical scheme used in the FRAME model. Reaction rates are shown for the 
main reactions. Arrows indicate: green, emissions; black, chemical reactions; orange, dry 
deposition; and blue, wet deposition. 
Table 2-2: Main chemical reaction ratios used in the FRAME model. Where C f is the fractional 





 cm3 s .1  molecule - '  
NO2 + hu -. NO + 0 JN02 0.01(l-Cl2)exp(-0.39 secO) 
NO + 03 	NO2 + 02 K 11 2.1xlO 12exp(-1450/T) 
NO2 ± 03 + H20 — NO3 + H K 12 1.2xl0 13exp(-2450/T) 
NO2 +OH- HNO 3 K- 1 1.1x10' 
HNO3 - NO3 qa 1x10 5 
NO3 - HNO3 q 2  0.5x10 5 
PAN - NO2 K77 7.94x10 14exp(-12530iT) 
NO2 - PAN kn 3.2xl0 2 
SO2 ' so, 2- kg 2% h 1 day 1% h' night 
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2.5.7 FRAME model version 4.16 results for reduced nitrogen, nitrogen oxides 
and sulphur oxide depositions. 
The results shown in this section are from the FRAME model version 4.16. This 
version is the first version of a new standardised version number system introduced 
to label different FRAME models. This new system was adopted as the official 
FRAME version system, which differs from the version numbers used in Fournier, 
2002. Version 4.7 in Fournier, 2002 is equivalent to version 4.16 in the new system. 
See Appendix B where all FRAME versions are listed. Version 4.16 was the latest 
available FRAME model at the start of this study. 
In Table 2-3 the FRAME model domain and UK budget is shown. 
Tih1e 2-1t FR AMF model version 4-16 hiidet for the entire domain and for the ITK 
1999 FRAME British Isles budget  
N}TX 
Gg N ha -1 y 1 
NO 
Gg N ha- ' y' 
SO 
Gg S ha' - ' y' 
Import 16 58 24 
Emissions 353 525 733 
Dry deposition 113 47 94 
Wet deposition 89 72 124 
Sea dep. (dry+wet) 55 64 138 
Export 111 400 401 
1999 FRAME UK budget  
Import 34 58 53 
Emissions 276 481 624 
Dry deposition 93 44 98 
Wet deposition 82 73 123 
Sea dep. (dry+wet) 3 0.9 1.8 
Export 139 433 467 
Values of dry and wet deposition predicted by the FRAME model version 4.16 
are shown for: NH in Figure 2-17 and Figure 2-18, respectively; NO in Figure 2-19 
and Figure 2-20, respectively; and SOx in Figure 2-21 and Figure 2-22, respectively. 
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Figure 2-17: FRAME model version 4.16 predicted NH dry deposition for the year 1999. Units 
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Figure 2-18: FRAME model version 4.16 predicted NH wet deposition for the year 1999. Units 
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Figure 2-19: FRAME model version 4.16 predicted NO dry deposition for the year 1999. Units 
are kg N ha -1 y'. 






Figure 2-20: FRAME model version 4.16 predicted NO wet deposition for the year 1999. Units 
are kg N ha -1 y1. 
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Figure 2-21: FRAME model version 4.16 predicted SO dry deposition for the year 1999. Units 










Figure 2-22: FRAME model version 4.16 predicted SO wet deposition for the year 1999. Units 
are kg S ha' y. 
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2.6 Summary 
The FRAME model and its results for the version 4.16 have been introduced 
here. The results of the FRAME model highlight the spatial variability of pollutants 
such as NH,(, NO and SO,. Although the STOCHEM model is not used to calculated 
UK critical load exceedances of acidity and nitrogen deposition, it is clear that 5° x 5° 
resolutions are too coarse for that purpose. The EMEP model is currently used to 
calculate critical load exceedances at European scale. Both the spatial variability of 
the dry deposition and the enhancement of wet deposition by the seeder-feeder effect 
cannot be represented well using a 50 x 50 km2 resolution. A finer scale model is 
therefore required to predict critical load exceedances better. 
The FRAME model uses a 5 x 5 km2 horizontal resolution and fine vertical 
resolution with a layer size varying from 1 m at the surface up to 100 m at the top of 
the air column. This fine scale makes it possible to predict annual deposition of 
reduced nitrogen, nitrogen oxides and sulphur oxides well for critical load 
exceedance purposes. However limitations of the FRAME model such as, fixed 
meteorology, limited chemistry and long-range transport via boundary conditions 
also need to be considerate when the model is used to predict annual deposition of 
various pollutants. 
-30- 
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Chapter 3 Numerical procedures 
3.1. Introduction 
The relatively long run-time of the FRAME model (days) was a major practical 
problem at the start this research. The main application of the FRAME model and 
one of the aims of this research is to investigate the effect on the dry and wet 
deposition of pollutants using different emission scenarios. Ammonia emissions can 
be grouped into six emissions-sectors (Dragosits et al, 1998), i.e. Cattle, Sheep, Pig, 
Poultry, Fertilizer and Non-Agricultural. The required run-time for a sectors-
abatement simulation can be up to six times a single simulation run-time. Similar 
emission reduction scenarios may be applied to oxidised sulphur and nitrogen. 
The runtime of the FRAME model is time-step-size dependent. Generally, the 
larger the time-step is, the shorter the overall runtime. A straightforward way to 
reduce the model run-time is therefore to increase the size of the time-step. 
In FRAME the physical process most sensitive to the size of the time-step is the 
vertical diffusion. The maximum allowed time-step to integrate numerically the 
diffusion equation is four seconds which gives an overall run time, for the entire 
model domain, of two days on a four processors Sun 450 Ultrasparc Enterprise 
computer. 
The diffusion equation is a member of the partial differential equations (PDEs) 
family. It is common practice to divide the PDEs into three groups: hyperbolic, 
elliptic and parabolic. Equation (3-1), (3-2) and (3-3) are prototypical of hyperbolic, 
elliptic and parabolic PDEs, respectively: 
2 	 2 ôu ,ôu 
—=v_---- 	 (3-1) at ax2 
a2 u a2 u 
aX —s- + 	= p(x, y) 	 (3-2) 
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at 8x( 	öx) 
	
(3-3) 
The diffusion equation (3-3) is a parabolic PDE which can be analytically 
solved using standard techniques if the diffusion coefficient k is a constant. In the 
FRAME model the diffusion coefficient k is function of height k(z), thus the 
diffusion equation cannot be simply analytically solved, but needs to be numerically 
solved. 
In the FRAME model the diffusion equation is integrated numerically using the 
4th order Runge-Kutta method. This method is an explicit method and therefore to be 
numerically stable, the time-step has to be smaller than a prescribed value, which is a 
function of layer-depth and the diffusion coefficient. 
A better suited method is the fully implicit numerical scheme. The fully implicit 
method is numerically stable for any size of time-step; however the accuracy is still 
time-step dependent. Several fully implicit methods can be use to integrate 
numerically the diffusion equation, but the choice made here was to use the Finite 
Volume Method. 
This method has recently been developed (Versteeg and Malalssekera, 1995) 
and can be derived starting from the general transport equation. 
3.2. Introduction to the 4th  Order Runge-Kutta method 
The 4th  order Runge-Kutta method (used in FRAME 3.0 see appendix B) can be 
















t+—) 	 (3-7) 
2 
F4 =F((t)+AtF1 ,t+At) 	 (3-8) 
At 	At 	At 	- 
+—F, +—F ~ —F4 )+O(h') 	 (3-9) 
where t is the time, At is the time-step and x(t) is a function of time and equation 
(3-4) is a general representation of an ordinary differential equation (ODE). 
At each time step, equation (3-4) is evaluated four times: at the initial point t, 
twice at the middle point t+At/2 and at the trial end point t+4t, equation (3-6), (3-7) 
and (3-8) respectively. The final value of X  at the time t+At is then evaluated using 
equation (3-9); this sequence is graphically illustrated in Figure 3-1. 
Figure 3-1 : The 4Eh  order Runge-Kutta method evaluates the derivative four times: at the 
starting point t, twice at the middle point t+V2AZ and at the final point t+At. 
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3.3. The Runge-Kutta method in the FRAME model 
The following consists in more detail of how the 4th  order Runge-Kutta method 
can numerically solve the diffusion equation as applied in the FRAME model. 
The 4th  order Runge-Kutta method is used to numerically integrate ordinary 
differential equations (ODEs). The diffusion equation is a PDE. Therefore in order to 
use the Runge-Kutta method, the equation (3-3) has to be approximated to an ODE. 
Several numerical techniques can be used to numerically approximate the diffusion 
equation and more on this subject can be found in Press et al., (1988). The choice 
made was to use the Finite Difference Method. In this specific case the finite 






± 1 (t+At) 






Figure 3-2 : The air column domain of FRAME 3.0 is divided into a 33 discrete grid points (not 
all grid points are shown in the picture). k(z+) and k(z,,) are the diffusion coefficients 
calculated at the heights and respectively, a) The concentration X  for time t. b) The new 
concentration x for time (+t. 
The first step to implement the FTCS method is to divide the air column domain 
into a discrete grid as shown in Figure 3-2. Equation (3-10) shows the diffusion 
equation evaluated at the grid point n (see Figure 3-2) and equation (3-11) is its 
approximate form when applying the finite difference method. 
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= 	k(z, )"1 (3-10) 
	
at 3ZI 	az,J 
k(z 	(t) 
- 	




where, +j,x, and j are the concentrations at level n+i, n and n-i. Az is the 
distance between two grid points. k(z+i) and k(z) are the diffusion coefficients 
calculated at the height z+v., and z,, respectively. 
The minimum requirement for the stability of an explicit method and in the 
specific for the FTCS is expressed in equation (3-12): 
(Az) 2 
At:~ Mil l 
n 2k(z i) n 
(3-12) 
The maximum value of the diffusion coefficient k(z, 73) in the FRAME model is 
0.1 m2 s 1 at the surface and the depth of the surface layer is 1 m therefore the 
maximum time-step At can be evaluated as in equation (3-13): 
(1) 2 
At:!~ 	 =S sec . 
2 *0.1 
(3-13) 
To apply the Runge-Kutta method to equation (3-11) the Runge-Kutta set of 
equations, (3-5)-(3-8) have to be adapted and rewritten as follows. Equation (3-15) is 
the equivalent of equation (3-5) for the FRAME model and similar results for the 
remaining equations as shown in equation (3-16)-(3-18). 




(t)) 	 (3-14) 
(3-15) 
At 
F? = F( 1 (t) + -- F 	
At 
, , 
(t) + -- F , 	 (t) + — F,) 	 (3-16) 
2 
At 2 	 At 	 At +—F2 , 	1 (t)+—FT'(t)) 	(3-17) F3 	
2 - 2 
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F,,4 = F(_1 (t) + &F1 , 2' (t) + (t) ± AtF, 1 ) 	 (3-18) 
AtAs 2 At 	At
(t+&)= (t)+(F ±F ±F ±F) 
' 	6 	3 fl 	3fl 6 
where 	, and 	j are the concentrations at the grid point n-i, n, n±1, 
respectively, t is the present time-level and At is the time-step. 
Equation (3-19) shows the concentration y,, at the new time t+At. Similar 
equations for all the remaining grid points n = 2 up to n =j-1, werej = 33 for the 
FRAME model. The grid point n = 1 and n = j are used to set the boundary 
conditions (closed system). More on the boundary condition can be found in the 
following sections as similar boundary conditions used in the Runge-Kutta method 
are also used for the new finite volume method. 
The numerical solution of the diffusion equation is by definition an 
approximation of the 'real' solution. A check is performed to the approximate results 
for each time-step use a simple algorithm called step doubling (Press et al. 1988). 
This algorithm is designed to let the numerical scheme use a larger time-step when 
possible and to reduce it when necessary, while keeping a prescribed accuracy. 
3.4. The Finite Volume Method 
The Finite Volume Method (FVM) has been chosen because it is well suited to 
integrate numerically the general transport equation. Other numerical schemes could 
have been used to integrate the diffusion equation such as finite elements, Monte 
Carlo, spectral and variational methods, but because the diffusion equation is a 
process of transport the FVM is therefore the natural choice. All the necessary steps 
to derive the FVM starting from the general transport equation are shown in the next 
sections. 
Generally, numerical schemes can be grouped into two main categories: explicit 
and implicit. The explicit method uses only values of the variable which need to be 
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integrated at the present time-level, whereas the implicit method uses both present 
and future time-levels. In Figure 3-3 the two schemes are graphically illustrated. 
The benefit of an implicit method is its unconditional numerical stability 
whereas the explicit method is only numerically stable under similar conditions as 
for the Runge-Kutta (equation (3-12)). 
Explicit Implicit 
• • 
. • • 
• • • 
Xn 
- - - - 	
-. t -'-At • Xn t Xn  t+it Xn 
• 
. . 
a) 	t t+At b) 	t t+At 
Figure 3-3 : A schematic view of the explicit and implicit FVM schemes. a) In the explicit 
scheme, to integrate the concentration at the grid point n over the time At, only the neighbour 
values at the grid points n-i and n+i are required. b) In the implicit scheme, all values for all 
grid pints at time level t and 1+41 are required to integrate the concentration for a grid point ii. 
In the following, the FVM is derived in its general form starting from the 
differential form of the general transport equation and applied to the FRAME model. 
Equation (3-20) and (3-2 1) are the transport equations for a property 0, where p 
is the density of the fluid, u is the wind speed vector, qS is a general variable, So is the 
source term and F is a parameter. Later in this section the variable 4 will be the 
concentration of a pollutant in air and F the diffusion coefficient. 
+ div(p(pu) = div(Fgrad((p)) + S 	 (3-20) 
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rRate Net rate Rate of of Rate of 
of flow of increase 
increase increase 
+ out of = of 0 due + (3-21) of fluid of 0 due 
fluid to 
element to sources  
element diffusion 
The goal of the FVM is to integrate equation (3-20) over the control volume V. 
Figure 3-4 graphically illustrates the control volume V and its position in the air 
column. Equation (3-22) is the integral form of equation (3-20) over the volume V. 
JaPcodV + Jdiv(p(pu)dV = Jdiv(Fgrad((p)dV + JS,dV at (3-22) 
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Figure 3-4 : FV]vI a) The control volumes n-i, n and n±i, &Z A J, ôz and 	are the thicknesses 
of the control volumes n-I, n and n+1. respectively. b) Shows the control volume V, were 
by,, and bz are the x, y and z dimensions, respectively. The diffusion coefficient kn 0 and knb 0 
are the diffusion coefficient value at the top and bottom of the control volume n. All the other 
surface exchanges of pollutant are equal to zero because k is orientated in the z axes. 
The Gauss divergence theorem, which links the integral over a volume V of the 
divergence of a vector a with the integral over the surface of the volume V of the 
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component normal to the surface element dA of the vector a, is shown in equation 
(3-23): 
$divadV= Jn.adA. 	 (3-23) 
V 	 AreaV 
Using the Gauss theorem introduced above, equation (3-22) can be rewritten 
obtaining equation (3-24): 
+ $ n (p)dA = J n 
(Fgrad)dA + fsdv. 	(3-24) 
at V 	 AreaV 	 AreaV 	 V 
For a time-dependent problem, such as the diffusion in a fluid, the equation 
(3-24) has to be integrated also in time obtaining the equation (3-25) 
j - 
-[ 
JPcXJV}!t + J fn (pçriu)dAdt = J $n (['grad ço)dAdt + $$SdVdt. (3-25) 
At 	V 	 At Area V 	 & Area V 	 At  
The equation (3-25) can be rewritten for the one-dimensional non-steady 
diffusion equation, with diffusion coefficient k, obtaining equation (3-26). The 
variable 4 is now the concentration x  of a pollutant. 
JzdV}1t + J fn (,?u)dAdt = f fn (kgrad)dAdt + fJSdVdt 	(3-26) 
At 	V 	 AJ Area V 	 &AreaV 	 At  
In the FRAME model the advection term (Lagrangian air column) and the 
source term are not in the transport equation, therefore the advection term and the 
source term are set to zero, (3-27) and (3-28), respectively: 
J $ n . (u)dAdt = 0, 	 (3-27) 
At Area  
S JSdVdt = 0 	 (3-28) 
At V 
The source term may be included in the transport equation in future development but 
at the moment this is not a priority. 
Finally the diffusion equation in its integral form can be seen in equation (3-29). 
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$_J%dv}1r = J 5(k grad())dAdt. 	 (3-29) 
At 	V 	 At Area V 
The diffusion equation is orientated on the z axis. The only surfaces with non-
zero flux are therefore the top and the bottom surfaces of the control volume V 
(Figure 3-4). The grad(X) simply becomes the first derivatives of X  with respect to the 
z axis as shown in equation (3-30): 
f  It 
 
	
at_dtJdV = J J k---dAdt 	 (3-30) 
I AreaV 	
az 
The left hand side of equation (3-30) can be integrated obtaining equation 
(3-31). 
(A  —y)AV = '1(kA 	— 1kA 	dt 	 (3-31)
P7 	 f aZ 	 Z J) 
The central difference is applied to the right hand side of equation (3-31) 
obtaining equation (3-32). 
t-i-Ax 7 
(—)AV = 	k,, A 	—1k A 	 (3-32) Zn Z-1 
L '' 8n.n-i  
In equation (3-32) a new variable has been introduced. The variable is the 
time-level for the right-hand-side. To solve the integral of the right-hand-side the 
time-level can be set to be the present time-level t, the future time-level t+t or a 
mixture of present time-level t and future time-level = t+At. The 
integral 3 expressed in equation (3-33) is simplified, introducing a parameter 0. 
When 0 = 0, 0 = ½, 0 = 1 the integrals = tAt. = 1/2 (,
(1.1t+At +t) and 3 = 
%t+At 	respectively. 
= t±t 
[k,,,A 	- 	A 	Jt = 	+ (1— 9) 	(3-33) 
t 	 (5n+l.n 	) 
The general form of equation (3-32) may be rewritten using the new parameter 






t+& 	,+& z~ Az t+t 	r+& 
, u-At 	 _____________  
- 
)A V =0 J 1k A Zn+1 - 	 - 	 A 	- Zn-i 1 
L 	 8n+i,n 	 8nn-1 	)] (3-34) 
+(1-0) f k A 	
- 	
- 	 A - 
I  L 	81,n 	) 
°' 	
8n,n-i 
The integral with respect to time of equation (3-34) can now be solved for the 
general case obtaining equation (3-35). 
t+& 	 - 
)]At_ %n+i ' I- k A —%)V = 0[[kA 	
Sn+in 	) n,n-I 
(3-35) 
+ (1— O)k A 	-  	 [k A z - z L 15.1+1,n J - 	 °' 	8n,n-i 	JjAt 
Substituting A V with A5z (volume V referred to in Figure 3-4) equation (3-35) 
becomes equation (3-36): 
- 	 1 - 	 - 
I 








8n+i,n 8nn-i 	iJ 
(3-36) 
+ (1 9)[[k Z+1 - 	 - z  
- 	 n,0 	
8n+1,n 	J - 	 8n,n-i 	J]
1 
It is common practice to rearrange the equation (3-36) into an easier form by 
introducing a new notation expressed in equation (3-37). 
T, = B 	
k 	
t = ' n 
- 
- n,n-i 
' n 	and C 	= 8(1 7 + B ,, ) + C, 	(3-37)
At 8n+i.n 	 8 
Using the notation introduced in (3-37) the equation (3-36) can be rearranged as 
equation (3-3 8). 
= T [oz::  + (1— 	j+ B, [ex,1?' +  (1— 	I 
(3-38) 
+  
The choice of time-level 0 = 0, 0 = V2 and 0 = 1 leeds to the following schemes: 
Explicit if 0 = 0 
Crank-Nicholson if 0 = V2 





The fully implicit method has (generally) no stability requirement for the time-
step. Finally, the implicit finite volume method used in the FRAME model is shown 
in equation (3-39). 
C''+ B,, X r+At +  Cr X 	 (3-39) 
The notation can be interpreted in the following way: the coefficient C is related 
to the central grid point, Tthe top grid point and finally B the bottom grid point. 
The air column in the FRAME model is an isolated system, as far as the 
diffusion process is concerned. The required boundary conditions for a closed system 
are expressed in equation (3-40): 
B 1 =O and T1 =0. 	 (340) 
The fully implicit FVM applied to the FRAME is summarised by the system of 
linear equations shown in equations (3-41) - (3-45). 
Layer 1 	
= 	+C' 	 (341) 
Layer 2 	 C,'' = T2 t + 	+ C% 	(3-42) 
Layer n 	 = 	+ BIr + 	 (3-43) 
Laver j-1 C7'2' t = 	+ B 1_,j' 	+ C_ 1 ._ 1 (344) 
Layer j (FRAME j=33) C' 
= BJ .Ir + CJ Z (3-45) 
-42- 
Chapter 3 	 Numerical procedures 
This system of equations may be rearranged in its matrix form (equation 
(3-46)). 
C, 	lj 0 0 	0 0 0 	0 0 0 0 C,° . Zf 
B2 	C2 T2 0 	0 0 0 	0 0 0 0 X2 C ° .4 
o o 0 0 	0 0 0 0 
o 	o 0 0 	0 0 0 0 
o o 0 0 	0 0 0 0 
o 	o 0 0 	B C,, T,, 	0 0 0 0 = c,,° .4 (346) 
o o 0 0 	0 0 0 0 
o 	0 0 0 	0 0 0 0 
0 0 0 	0 0 0 	0 B, Ti. ' x 
o 	o 0 0 	0 0 0 	0 0 B1 C1 
z7t 
Matrices of this shape are called tn-diagonal matrixes. The special characteristic 
of this type of matrix is to have non-zero values only along the central three 
diagonals. 
A straight forward method to solve any linear system of equation is to use the 
Gauss substitution method; however this method is not efficient for tn-diagonal 
matrices; therefore a more efficient algorithm is chosen. The natural choice is the so 
called Thomas algorithm and more on this subject can be found in Press et al. (1988) 
and Fournier (2002). 
3.5. New FRAME numerical scheme conclusion 
The main goal is to have a numerical scheme which can perform, as well as, or 
better than, the old one. The FRAME model, version 3, uses the 4 th order Runge-
Kutta and its results have been validated in previous work (Singles 1996, Fournier 
2002) therefore the FVM FRAME results are compared with the Runge-Kutta 
FRAME results. 
Dry deposition is generally highly dependent to the surface air concentration 
and ammonia is mainly emitted at the surface level; therefore ammonia dry 
deposition is used to test the FVM solution compared with the 4th  order Runge-Kutta 
solution. 
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Five different simulations are shown using the FRAME model (version 4.17) 
using five different time-steps (4, 10, 30, 60 and 120 sec). A square-by-square ratio 
of the ammonia dry deposition for the largest time-step (120 sec) is calculated using 
equation (3-47) and shown in Figure 3-7. The ratio distribution-plot for all five time-
steps is shown in Figure 3-5. 
FRAME_FVM(i,j) 
Ratio(i,j) = 	 for  = 1,172 and  = 1,244 	(347) 
FRAME_RungeKutta(i, j) 
To quantify the model performance, the ratio's standard deviation is calculated 




where a is the standard deviation, n is the number of data and x is the individual 
data point. 
The FVM has been proved to be a well-suited numerical technique to integrate 
the diffusion equation. The model run-time has decreased by a factor of 36 compared 
with the old Runge-Kutta run-time. The time-step used is 120 sec, however the time-
step may have been increased even further, but the accuracy of the numerical scheme 
and therefore the FRAME model will be also affected as shown in Figure 3-6. The 
run-time of the FRAME model, using the new FVM, is on the order of hours (-3 hr 
on a four processors Sun 450 Ultrasparc Enterprise computer). A large number of 
simulations may now be performed when required. The remarkable improvement in 
the run-time proved that it was worth the effort in terms of coding and debugging 
time. The short-cut often used was to upgrade the computer power in order to speed 
up the model performances; however the associated cost may be very high. 
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Figure 3-5 : The distribution plot of the square by square ratio of the ammonia dry deposition 
as calculated usina euuation (3-47). 
Finite Volume I Runge-Kutta 
140-- -- 	 -- 
120 	 120— 
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Figure 3-6 : Standard deviation of the ratio FRAME RKJ FRAME FVM for the time-step equal 
to 4, 10, 30, 60 and 120 sec. 
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Figure 3-7 : 5 km x 5 km ammonia dry deposition ratio plot for the FVM I Runge-Kutta. The 
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4.1. Introduction 
The performance of an Atmospheric Transport Model (ATM), and in particular 
of the FRAME model, is very dependent on the emissions inventories used as input 
to the model. Moreover, the height of injection into the air column is also very 
important to well represent surface dry and wet deposition. Dry deposition takes 
place from the surface layer, therefore the surface emissions have to be as accurate as 
possible to achieve an accurate representation of the dry deposition. Wet deposition 
removes the pollutant from the entire air column; therefore it is directly linked with 
the amount of pollutant left in the air column after dry deposition and diffusion. In 
Figure 4-1 the major sources of emissions and deposition of NH 3 , SO2 and NO (after 
NEGTAP, 2001) are shown. 
EMITTED POLLUTANTS 
partidest 	 WET 
aerosols DEPOSITION 
SO. NO, 	NH, 	- - 
No, Z' 
DRY 
DEPOSITIONm  	 £ 
! f 
power rntOr 
stiorrs hc 	ivestock 
(cOmbwon t) sorebostor 
Figure 4-1 : The main path ways of NH 3 , NO2 and SO 2 emissions and dry and wet deposition 
(after NEGTAP 2001 and thanks to Mhairi Coyle). 
In the FRAME model two categories of emissions are used: low-level emissions 
for NH3, NO N, and SO2 and point source emissions for NO and SO2. Generally the 
point sources are from high stacks. Plume rise for these point sources is incorporated 
into the FRAME model, and also a more representative low-level NI-I 3 , NO and SO2 
injection height of emissions has been chosen. The new injection height is emission-
sector dependent. 
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Prior to version 4.7, FRAME was used as a specialist ammonia model for 
predicting UK annual dry and wet NH,, deposition, and therefore less attention had 
been given to the model's treatment of NO y and SO,, which were included to account 
for atmospheric reactions with NH. 
Starting with FRAME 4.7 the model uses high stack NO and SO2 point source 
emissions (Fournier, 2002) and land-use dependent deposition velocities for NO2 and 
SO2 (Smith et al., 2000). 
Prior to version 5.3 FRAME Ammonia emissions were all emitted at ground 
level, with low-level NO and SO2 emissions evenly mixed into a layer depth from 
the ground to 50 and 300 m, respectively. The layer depths for NO x and SO2 were 
chosen prior version 5.3 to represent the full range of emission heights. However 
after introducing high stack emissions (Fournier, 2002), which are injected at the 
stack height, the values used for the layer depths of low-level emissions became 
unrealistic approximations. The review of the low-level injection heigh for NH 3 , NO 
and SO2 is also one of the subjects of this work. 
4.2. Emissions inventory - FRAME model 
The FRAME model requires emissions of NH 3 , NOx and SO2 with a resolution 
of 5 km x 5 km. The years available to run the FRAME model are 1996 and 1999 
plus an additional 2010 emissions scenario (Gothenburg Protocol). 
More on 1996 FRAME emissions and 2010 emissions scenario can be found in 
Fournier (2002). 
The FRAME model domain also includes both the UK and Eire and therefore 
different country sources for the emission data need to be used. 
4.2.1. UK emissions inventory 
UK NH3 emissions estimates for the years 1996 and 1999 are based on the NH 3 
emissions inventories compiled by CEH-Edinburgh. The spatial resolution is 5 km x 
5 kin. The inventory is grouped into six sectors of emissions: cattle, sheep, pig, 
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poultry, fertilizer and non-agricultural (Dragosits et al., 1998; Sutton et al., 2000). 
The 1999 NH3 emissions sectors are shown in Figure 4-2 and it is also representative 
for the 1996 emissions. The estimated total UK N}1 3 emissions are 289 Gg N y' and 
282 Gg N y 1 for the years 1996 and 1999, respectively. 
UK SO2 and NO emission estimates for the years 1996 and 1999 are based on 
data from the National Atmospheric Emissions Inventories (NAEI) with a spatial 
resolution of 10 km x 10 km for 1996 and 1 km x 1 km 1999. The emissions 
inventory has eight emission sectors plus point sources: point sources; waste 
transport and disposal; other transport and machinery; road transport, 
extraction/distribution of fossil fuel; production processes; combustions industry; 
combustion in commercial, institutions, residential and agricultural; and combustion 
in energy production and transfer. The 1999 NO and SO2 emission sectors are 
shown in Figure 4-3 and Figure 4-4, respectively, and these are also representative of 
the 1996 emissions. 
The SO2 and NO point-source-emissions for the year 1996 and 1999 are 
provided with stack height, stack diameter, exit velocity and exit temperature for all 
the strongest (in terms of emissions) twenty point sources. Stacks data are provided 
by AEAT Technology. For the remaining point sources average stack parameters are 
used. The spatial resolution of the point source is 10 km x 10 km for the year 1996 
(Fournier 2002) and 100 m x 100 in for the year 1999. The estimated total UK NO 
and SO2 emissions for the year 1996 are 589 Gg N y' and 1019 Gg S y', 
respectively, and for the year 1999 are 456 Gg N y' and 624 Gg S y', respectively. 
SELSE 
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An estimate of UK emissions uncertainties can be found in the e-Digest of 
Environmental Statistics, (2004) (http://www.defra.gov.uk ). An extract of from 
this report is shown in Table 4-1. 
Table 4-1: Uncertainty in estimates of UK total emissions of air pollutants. After e-Digest of 
cnv;rnnm.nf.I Qfaticfiec Pnhlichprl MQrg'h 70fl4 ISniirrp NFTCFNL 
Pollutant Uncertainty 1.2 
Nitrogen oxides NO +/- 8% 
so, +1-3% Sulphur dioxide 
PMIO -20%to±50% Particulates 
co +/-20% Carbon monoxide 
NMVOC +/-8% Non-methane volatile organic compounds  
C6H6 -20% to +30% Benzene 
C4H6 +/- 20% 1,3-butadiene 
NH3 +/-20% Ammonia 
HCI 20% Hydrogen Chloride 
Expressed as a percentage relative to the mean value, 
based on estimated emissions for 2001 from the 2001 
inventory 
2  Although for any given year considerable 
uncertainties surround the emission estimates for each 
pollutant, trends over time are likely to be much more 
reliable 
Excluding natural sources 
Emissions uncertainties may be underestimated in Table 4-1 as suggested in the 
2001 NEGTAP report where NO and SO2 emissions uncertainties are estimated to 
+30% and +10-15%, respectively. 
4.2.2. Non-UK FRAME domain emissions inventory 
Eire N113 emissions for the year 1996 are derived after Van den Beuken (1997). 
Eire N}1 3 emissions for the years 1999 are calculated rescaling the 1996 Eire NH 3 
emissions. The spatial resolution of this inventory is 5 km x 5 km. The Isle of Man 
has recently been included in the FRAME 1999 emissions thanks to Sofie Helisten 
(University Edinburgh). The total non-UK NH3 emissions are 90 Gg N y' and 92 Gg 
N y 1 for the years 1996 and 1999, respectively. 
Eire SO2 and NO x and marine SO2 emissions are derived from the EMEP 
emissions inventory. The EMEP emissions have a resolution of 50 km x 50 km and 
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use a different geographical projection. The projection used by the EMEP model and 
therefore by the emissions is polar stereographic. The EMEP emissions have been 
converted onto the Birtish National Grid, used by the FRAME model, and 
interpolated at the required 5 km x 5 km resolution. The total non-UK NO and SO2 
emissions for the year 1996 are 48 Gg N y- I  and 154 Gg S y', respectively, and for 
the year 1999 are 47 Gg N y' and 129 Gg S y', respectively. 
4.2.3. Import from outside the FRAME domain 
The import of pollutants into the FRAME model domain is calculated using the 
FRAME-EUROPE model. The FRAME-EUROPE model output is used to initialise 
the boundary conditions of the FRAME model. The NH, NO and SO, imports for 
the year 1996 are 19.9 Gg N, 70.3 Gg N and 28.2 Gg S, respectively, and for the 
year 1999 are 16.0 Gg N, 54.7 Gg N and 21.3 Gg 5, respectively. 
The 1996 NH3, SO2 and NO emission estimates for the FRAME domain are 
shown in Figure 4-5, Figure 4-7 and Figure 4-9, respectively, and the 1999 ones are 
shown in Figure 4-6, Figure 4-8 and Figure 4-10, respectively. These figures clearly 
show the different resolution of the emissions dataset used to compile the emissions 
input required by the FRAME model. 
A good emissions inventory and a good representation of the height of 
injection of the emissions are critical for the performances of any ATM model. In the 
next section plume rise is applied to the high stack emission giving remarkable 
improvement in the FRAME model prediction of the surface concentration for SO2 
and an as expected minor effect for NO 2 surface concentration. A new set of 
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Figure 4-2 : Sources of ammonia emissions in the UK (Misseibrook et aL 2000. Sutton et aL 
2000a). 
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Figure 4-3 Sources NO,, emissions in the UK (NAEI). 
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SO2 NAEI emission inventory for the year 1999 	El Point Sources 
Waste Treatment and Disposal 
087. 
• Other Transport and Machinery 
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• Extraction/Distribution of fossil fuels 
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Figure 4-4 Sources SO,, emissions in the UK (NAEI). 
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Figure 4-5: 1996 NH 3  emissions estimate for the FRAME domain. The spatial resolution is 5 km 
x 5 km. The units are kg N ha y' 
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NH 	1999 Emissions 









Figure 4-6: 1999 NH 3 emissions estimate for the FRAME domain. The spatial resolution is 5 km 
x 5 km. The units are kg N ha y' 
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Figure 4-7 1996 SO2  emissions estimate for the FRAME domain. The input for the FRAME 
model domain is made using various emissions inventories: NAEI for the UK and EMEP for the 
rest of the FRAME domain. The UK emissions estimate has a resolution of 10 km x 10 km 
where the remaining part of the FRAME domain has a 50 km x 50 km resolution. The units are 
kg  hi' y 
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SO 2 1999 Emissions 









Figure 4-8 : 1999 SO 2 emissions estimate for the FRAME domain. The input for the FRAME 
model domain is made using various emissions inventories: NAEI for the UK and EMEP for the 
rest of the FRAME domain. The UK emissions estimate has a resolution of 5 km x 5 km where 
the remaining part of the FRAME domain has a 50 km x 50 km resolution. The units are kg S 
ha y ' 
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NO 1996 Emissions 
Units are kg N ha - ' 
I 
Figure 4-9: 1996 NO emissions estimate for the FRAME domain. The input for the FRAME 
model domain is made using various emissions inventories: NAEI for the UK and EMEP for the 
rest of the FRAME domain. The UK emissions estimate has a resolution of 10 km x 10 km 
where the remaining part of the FRAME domain has a 50 kin x 50 km resolution. The units are 
kg N ha' y' 
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NO 1999 Emissions 
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Figure 4-10 1999 NO,, emissions estimate for the FRAME domain. The input for the FRAME 
model domain is made using various emissions inventories: NAEI for the UK and EMEP for the 
rest of the FRAME domain. The UK emissions estimate has a resolution of 5 km x 5 km where 
the remaining part of the FRAME domain has a 50 km x 50 km resolution. The units are kg N 
ha' y 
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4.3. Plume rise of high stack emissions 
The plume from a chimney is usually emitted with a higher than ambient 
temperature, thereby raising the plume away from the source. The plume reaches the 
maximum height when the plume temperature equals the surrounding temperature 
and the upward momentum gained is dissipated. The plume rise is a function of the 
environment temperature profile, the physical dimensions of the stack, the emission 
temperature and the velocity (Seinfeld and Pandis, 1997). The routine used by the 
FRAME model to initialise the low-level and point source emissions for NH3, SO2 
and NO has been updated and extended as set out below. 
The new routine can be used for the high stack emissions dataset with any 
spatial resolution and is independent of the resolution of the low-level emissions 
database. The plume rise routine can also be switched ON or OFF for sensitivity 
studies. The plume rise routine is applied individually to each point source. 
The parameterisation used for the plume rise is shown in equation (4-1) (after 
Hanna etal., 1982): 
All =E a a (4-1) 
where zlh is the plume rise, E and a are parameters defined below and u is the wind 
speed. 
Buoyancy forces dominate the plume rise when AT> 50 K (Seinfeld and Pandis, 
1997). All high stack emissions used in the FRAME model have an exit temperature 
at l ast 
50 K above the ambient temperature, therefore this parameterisation is chosen. The 
parameter E is defined for the neutral and unstable condition in equation (4-2) and 
for stable condition in equation (4-3) (ASME, 1973): 
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1/3 
I d 2 •V( — ) 	1 
E =29-  1 
4..(p/p0.29 ,j ,a =- 
	 (4-3) 
Ta az 
Where g the acceleration due to gravity, d the stack diameter, V the exit 
velocity, T the exit temperature, Ta the ambient temperature, h the stack height, p 
the atmospheric pressure, p=1013  hPa, 0 is the potential temperature, z vertical 
coordinate. 
The high stack emissions database for the year 1996 (supplied by AEAT, UK) 
includes stack height, stack diameter, stack exit velocity and stack exit temperature. 
The point source parameters for the year 1999 are the same as for the 1996 emissions 
database. 
The FRAME model provides the other necessary data to calculate the plume 
rise. In order to evaluate the stability of the atmosphere, the FRAME model uses the 
Pasquill-Gifford stability classes that are also used to calculate the aerodynamic 
resistance in the canopy resistance model (dry deposition). The Pasquill-Gifford 
stability classes are calculated as follows. For daytime the classes are a function of 
the solar radiation and wind speed and for night time they are a function of cloud 
cover and wind speed (Seinfeld and Pandis, 1997). 
The plume rise routine is applied to a study case. The Cockenzie power plant near 
Edinburgh is used to see the effect of plume rise. The data needed to calculate the 
plume rise using equation (4-1) are: 
Stack height: 171 m 
Stack diameter: 7.4 in 
Exit velocity: 22 in 
Exit temperature: 405 K 
The plume rise for the neutral and unstable condition is calculate using equation 
(4-2) and shown in equation (4-4), where Ta = 293 K, g = 9.81 in s 2 and u = 6 in s-1 , 
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The stable condition is shown in equation (4-5), where Ta = 293 K, g = 9.81 in s 2 and 
u = 6 m 5, (p/po)0 
29 = and 5016z = 5 K km -1 . 
	
h=--=355m 	 (44) 
u—a 
Ah=--=27Om 	 (4-5) W a 
In the study case of the Cockenzie power plant, when the plume rise is not 
applied, the emissions are injected into the 10th  layer of the air column (150 to 
200 m). Applying the plume rise, the effective stack height increases (stack height + 
plume rise) and the emissions are injected into the 14th  layer (500 to 600 m) for 
unstable conditions, and into the 13th  layer (400 to 500 m) for stable conditions. The 
plume rise moves the plume from 171 m (stack height) to 441 or 526 m (effective 
stack height). The repercussions of injecting the pollutant at higher emissions are 
expected to be substantial. More pollutant is injected aloft and so less is diffused to 
the ground. As the Cockenzie power plant example demonstrates, the plume rise can 
more than double the effective height of emission, thereby having a large effect on 
the ground level pollutant concentration. 
4.3.1. Plume rise results 
The FRAME model performance to predict the NO and SO2 surface air 
concentration improved when the plume rise is applied to the point sources, and in 
the case of SO2 surface air concentration the correlation between model prediction 
and measurements has improved substantially, as shown in Figure 4-13 and Figure 
4-14. A simple linear regression is used to validate the model results versus the 
observations. More on the model validation can be found in chapter 6 - section 2, 
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In the FRAME model NO is rapidly oxidised to NO 2 making it the predominant 
species of NO N . The estimated ground level NO 2 air concentration is thereby 
representative of the total NON. 
The site-by-site comparison shows the effect of the plume rise at specific sites, 
where the model overestimated the ground level NO 2 and SO2 air concentration. The 
site-by-site comparison for 1999, NO2 plume rise ON, and 1999, NO2 plume rise 
OFF, are shown in Figure 4-11 and Figure 4-12, respectively. The site-by-site 
comparison for 1999 SO2 plume rise ON and 1999 SO2 plume rise OFF are shown in 
Figure 4-13 and Figure 4-14, respectively. 
Differences in ground level NO2 and SO 2 air concentration can be up to 
—5 jig m 3 and —25 jig m 3 , respectively. The correlation between the 1999 FRAME 
prediction versus observations has substantially improved for SO2 where for NO 2 the 
slope has only slightly improved from 1.49 to 1.42 and R 2 slightly increases from 
0.74 to 0.76. Figure 4-11 and Figure 4-12 shows the FRAME model overestimating 
the NO2 surface concentration in particular for three sites 5007, 5024 and 5120. 
These sites are probably located in a nature reserve or in a forest where the relative 
Great Britain National Grid (FRAME grid) grid square included part of a town or 
road therefore making these sites not representative of the entire grid square. More 
on this and the model validation can be found in chapter 6 - section 3. The effect of 
plume rise on NO2 is small compared to the effect on SO2 because, as introduced 
above, NO,.point source emissions account for only for 32% of the total, where SO2 
point source emissions account for 87% of the total. 
Table 4-2 shows the FRAME domain budget for NI-I N, NO and SO,, when the 
plume rise is OFF and ON. NH dry deposition slightly increases with an associated 
reduction in the wet deposition. This occurs because the higher the SO2 and NO are 
injected the less NO and SO2 diffuses to the surface layer, therefore less ammonium 
nitrate and ammonium sulphate is produced at the surface. The N11 4' part of NE,, is 
then reduced increasing the NI-I 3 part (NH=NH3±NT-I4). N}13 is more efficiently dry 
deposited than NH which is more efficiently removed by wet deposition. This 
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explains the increase of N} -I dry deposition and the associated decreased wet 
deposition when the plume rise is applied. 
NO and SO, dry and wet deposition have opposite behaviour if compared with 
NH. Both NO and SO, dry deposition is reduced and the wet deposition are 
increased when the plume rise is applied. This is mainly due to the smaller amounts 
Of SO2 and NO available at the surface where the dry deposition takes places. The 
wet deposition removal process takes place along the entire air column therefore the 
material not dry deposited may be removed by the wet deposition process. Long 
range transport is also affected by the plume rise. Table 4-2 shows an increased 
export for 1996 and 1999 SO, of 40 Gg y and 28 Gg y 1 , respectively. 
The largest effect of the plume rise is, not surprisingly, in the areas where the 
strongest point sources are located. Figure 4-15 a) shows the SO2 surface air 
concentration 5 km x 5 km map for the year 1999 when the plume rise is OFF and b) 
when the plume rise is ON. The differences of surface concentration are very large. 
To quantify the differences between the two runs (plume rise ON and OFF) a map of 
the square by square ratio is shown in Figure 4-16. The SO2 surface air concentration 
can be up to three times the SO2 concentration of the same grid square when the 
plume rise is ON. 
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Figure 4-11 : The FRAME-model (plume rise ON) prediction for the year 1999 of NO 2 surface 
air concentration is plotted versus the UK Acid Deposition Network measurements (1995 - 1997 
average). The units are tg m 3 . 
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Figure 4-12: The FRAME-model (plume rise OFF) prediction for the year 1999 of NO 2 surface 
air concentration is plotted versus the UK Acid Deposition Network measurements (1995 - 1997 
average). The units are ig m 3 . 
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Figure 4-13 : The FRAME-model (plume rise ON) prediction for the year 1999 of SO 2 surface 
air concentration is plotted versus the UK Acid Deposition Network measurements 
(1998-2000 average). The units are ig n1 3. 
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Figure 4-14: The FRAME-model (plume rise OFF) prediction for the year 1999 of SO 2 surface 
air concentration is plotted versus the UK Acid Deposition Network measurements 
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Table 4-2 : Summary of the FRAME run with and without the plume rise for the high stack 
emissions. The FRAME model used here is the version 5.3. 
FRAME domain - BUDGET (units are Gg y 1 ) 
Plume rise OFF  
NH-N NO,-N SO T-S 
1996 1999 1996 1999 1996 1999 
Import 19.9 16.0 70.3 54.7 28.2 1 	21.3 
Emission 379.2 373.7 637.4 503.1 1173.1 752.5 
Dry deposition 113.7 99.0 103.3 67.9 191.3 107.2 
Wet deposition 117.9 108.1 91.5 63.6 201.2 121.4 
Sea deposition 66.3 65.6 93.8 65.6 234.2 142.1 
Export 101.2 117.0 419.0 360.5 574.5 403.1 
Plume rise ON  
M1-N NOV-N Sox-S 
1996 1999 1996 1999 1996 1999 
Import 19.9 16.0 70.3 54.7 28.2 21.3 
Emission 379.2 373.7 637.4 503.1 1173.1 752.5 
Dry deposition 114.4 99.5 98.8 64.5 1 34.8 69.6 
Wet deposition 117.3 107.7 92.0 63.9 219.4 132.2 
Sea deposition 66.2 65.6 94.2 65.9 232.1 140.7 
Export 101.1 116.9 422.6 363.3 614.9 431.2 
Plume rise ON minus plume rise OFF  
Dry deposition 0.7 0.5 -4.5 -3.4 -56.5 -37.6 
Wet deposition -0.6 -0.4 0.5 0.3 18.2 10.8 
Export -0.1 -0.1 3.6 2.8 40.4 28.1 
Plume rise ONminus plume rise OFF % 
Dry deposition 0.6 0.5 -4.4 -5.0 -29.5 -35.1 
Wet deposition -0.5 -0.4 0.5 0.5 9.0 8.9 
Export -0.1 -0.1 0.9 0.8 6.6 6.5 
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Figure 4-15: a) 5 km x 5 km map of SO 2  air concentration predicted by the FRAME model with 
the plume rise of the high stack emissions OFF. b) SO2 air concentration predicted by the 









Figure 4-16 : 5 km x 5 km map of the ratio between the SO 2 surface air concentration prediction 
of the FRAME model (plume rise option is OFF) and the SO 2 surface air concentration 
prediction of the FRAME model (plume rise option is ON). (Ratio = OFF/ON). 
Ima 
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4.4. The injection height for low-level emissions of NH3, NO and SO2 
4.4.1. NH3 low-level emissions 
The injection height for NH 3  emissions is chosen as a function of the sector of 
emissions. 
Cattle are assumed to be out in the field for 50% of the time and for the 
remaining time of the year in barns, therefore 50% of the cattle emissions are 
injected at the surface level and the remaining 50% at 10 m height 
(6th  FRAME 
layer). The choice made may reflect the height of cattle house which is likely to be 
around 10 m or less. Sheep are assumed to be out in the field all year round, 
therefore the sheep emissions are all injected at the surface layer (1St  FRAME layer). 
Pigs are assumed to be in houses for all year round, therefore the pigs emissions are 
all injected at 3m (3 FRAME layer). The choice made reflects the height of pig's 
houses which are likely to be 3 in or less. Poultry are assumed to be in houses all 
year round, therefore the poultry emissions are all injected at 25 m (5th  FRAME 
layer). The choice made reflects the height of poultry houses which is likely to be 25 
m or less. Fertilizer and non-Agricultural emissions are all injected at the surface. 
The emission height is intended to be an estimate and may vary when the 
buildings used to store the animals have the extraction fans (which are the emissions 
point) in different positions, i.e. on the side wall or mounted on the roof. In the 
poultry case normally the extraction fan is roof mounted justifying a height up to 
25 m where as for cattle it is normally side wall mounted. A survey of the building 
height and extraction fan position and height would be very useful for a better 
prediction of NH3 surface concentration and therefore dry deposition. 
To investigate the effects of N}1 3 low-level emissions height two 1999 FRAME 
runs have been done. One was with the emissions-sector-specific injection height and 
the second with all NH 3 emissions injected at the surface level. 
The two UK budgets are summarised in Table 4-3 and Table 4-4 and for the 
spatial effect of the emissions-injection-height the results are shown in Figure 4-19 
WGRE 
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and Figure 4-20. The FRAME model results of the two runs are also compared with 
the National Ammonia Monitoring Network measurements, shown in Figure 4-17 
and Figure 4-18. 
The effect of introducing the injection height for a specific NH 3 emission sector 
significantly decreases dry deposition with an associated increase of wet deposition 
and export. More NHi is injected away from the surface layer more NH3 is available 
to wet deposit and to be exported. The NH 3 injection height has a much smaller 
effect on NO and SO,. 
Table 4-3 : 1999 FRAME UK budget - NH 3 emissions-sector-specific injection height: Cattle 
50% at 1 m and 50% 10 m, Pigs at 3 m. Sheep at im, Poultry at 25 in, and Fertiliser and non-
Agricultural at 1 m. Units are Gg y. 
KTT-T1'J 	 Mfl -XT 
Export 143.0 383.8 480.2 
Drydeposition 75.1 58.9 61.2 
Wet deposition 	87.3 55.5 112.8 
Table 4-4 :1999 FRAME UK budget - All NH3 emissions injected at Im. Units are Gg year'. 
NH-4-N NON-N SOX S 
Export 136.7 384.4 480.9 
Dry deposition 87.1 58.5 60.6 
Wet deposition 82.3 55.4 112.7 
The performance of the FRAME model versus the National Ammonia 
Monitoring Network improves as shown in Figure 4-17 and Figure 4-18. The 
reduction in NH3 surface concentration may be up to 5 p.g m 3 . 
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Figure 4-17 : FRAME model 1999 NH 3 surface concentration versus Nation Ammonia 
Monitoring Network measurements (1998-2000 average). NH 3 injection height for Cattle = 
(50% 10 m and 50% 1 m), Pigs = 3 m, Poultry = 25 m, and Fertiliser and non-Agricultural = 1 
m. Units are pig m 3 . 
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Figure 4-18 : FRAME model 1999 NH 3 surface concentration versus Nation Ammonia 
Monitoring Network measurements (1998-2000 average). All NH 3 emissions are injected at 
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Figure 4-19 : a) 1999 FRAME model predicted NH 3 surface air concentration 5 km x 5 km map 
having the NH3 emissions-sector-specific injection height: Cattle 50% at 1 m and 50% 10 m, 
Pigs at 3 m, Sheep at 1 m. Poultry at 25 m, and Fertiliser and non-Agricultural at 1 m. b) 1999 
FRAME model predicted NH3 surface air concentration having all NH 3 emissions injected at 
im. The units are gg m 3 
¼11 
Figure 4-20 : 5 km x 5 km map of the ratio between the 1999 FRAME NH 3 surface air 
concentration having the NH 3 emissions-sector-specific injection height and the 1999 FRAME 
NH3 surface air concentration prediction having all NH 3 emissions injected at 1 m. 
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4.4.2. NO and SO2 low-level emissions 
All emission-sectors related to transportation are chosen to be injected in the 
surface layer, whereas all the remaining emissions are injected into a layer of 75 m 
depth (0-75 in - 1 - 7th FRAME layer). The effective road transport emission height 
is likely to be less than 2 m; therefore a layer of 1 m depth is chosen to represent all 
the range of road traffic emission heights. Domestic/commercial combustion is 
emitted from tall buildings and houses; therefore a layer of 75 in depth (0-75 m) is 
chosen to represent the range of commercial/domestic combustion. 
Three 1999 FRAME simulations are made to investigate the sensitivity of the 
FRAME model to the NO and SO2 injection height. One simulation with all low-
level NO and SO2 emissions at the surface layer, the second simulation with all low-
level NO and SO2 emissions evenly distributed into a layer of 10 m depth and the 
third simulation with all low-level NO and SO2 emissions evenly distributed into a 
layer of 100 m depth. 
A final fourth 1999 FRAME simulation is made with the low-level NO and 
SO2 emissions injected at the surface for the transportation sector of emissions and 
75 m layer depth (0-75 m) for all the remaining low-level emissions. This last 
simulation is made to test the final choice of emissions-injection height. 
The UK budget summary for these model experiments is shown in Table 4-5, 
Table 4-6, Table 4-7 and Table 4-8. As expected the NO and SO2 dry deposition 
increases as the depth of the injection layer decreases. When the layer depth is 1 m, 
10 m and 100 m (from the surface) the NO dry deposition is 61.8, 51.7 and 
34.1 Gg y- , respectively. The differences in dry deposition may be up to 50 
therefore the injection height is critical for NO dry deposition. The effect on SO2 dry 
deposition was smaller than for NO V. This reflects the different nature of NO and 
SO2 emissions; NO emissions are mostly low-level emissions, whereas SO 2 are 
mostly high-stack emissions. 
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Table 4-5 : UK 1999 FRAME - NO,, and SO 2 low-level emissions at the surface. Units are Gg 
year'. 	 - 
NH-N NOV-N SOX S 
Export 143.2 381.5 475.1 
Dry deposition r 	 75.1 61.8 68.2 
Wet deposition 87.1 55.1 111.1 
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Table 4-6 UK 1999 FRAME run. NO,, and SO 2 low-level emissions injected into a layer of 10 m 
depth (0jjp). Units are Gg year ' . 
NH-N 	NOy-N 	SON -S 
Export 	1 	143.1 389.5 479.1 
Dry deposition 75.0 	 51.7 	63.0 
Wetdeoosition 	87.3 56.8 112.2 
Table 4-7 UK 1999 FRAME - NO, and SO2 low-level emissions injected into a layer of 100 m 
depth (0 - 100 m). Units are Gg year'. 
N}I-N NOV-N SO ( S 
Export 142.8 403.6 486.0 
Dry deposition 	75.0 34.1 54.1 
Wet deposition 87.7 59.7 114.3 
Table 4-8 UK 1999 FRAME - NO, and SO 2 transportation emissions are injected at the surface 
the remaining low-level emissions are injected into a layer of 75 m depth (0 - 75 m). Units are 
Gg year'. 
NH-N NO,-N SOX S 
Export 143.0 383.8 480.2 
Dry deposition 1 	75.1 58.9 61.2 
Wet deposition 87.3 55.5 112.8 
NO and SO2 FRAME surface concentration are compared with the measurements 
and shown in Figure 4-21 and Figure 4-22, respectively. Figure 4-21 a), b) and c) 
show progressively smaller gradient of the best fit line. R 2 also increases as the depth 
of the injection layer increase. A possible explanation is that the FRAME model 
overestimated the emissions at the location of the measurement sites, but it is 
representative of the entire grid square. When NO emissions are injected into a layer 
depth of 100 in the emissions are no longer overestimated at the measurement site 
location, however the emissions are no longer representative of the entire grid 
square. More on this can be found in chapter 6 - section 3. Figure 4-22 shows that 
the FRAME prediction of SO2 concentration is less sensitive to injection layer depth. 
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The spatial effect on NO concentration of different injection height can be seen 
in Figure 4-23 a), b), c) and d). 
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Figure 4-21 a) 1999 FRAME NO 2 surface concentration versus UK Acid Deposition Network 
(1995 -1997 average) — low-level emissions are injected at I m. b) Same as a) but all low-level 
emissions are injected into a layer of 10 m depth (0 - 10 m). c) Same as a) but all low-level 
emissions are injected into a layer of 100 m depth (0 - 100 m). d) Same as a) but transportation 
emissions injected at im and the remaining low level-emissions evenly injected into a layer of 75 
m depth (0 - 75 m). The units are jg m 3 
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Figure 4-22 a) 1999 FRAME SO 2 surface concentration versus UK Acid Deposition Network 
(1998 - 2000 average). - low-level emissions are injected at 1 m. b) Same as a) but all low-level 
emissions are injected into a layer of 10 m depth (0 - 10 m). c) Same as a) but all low-level 
emissions are injected into a layer of 100 m depth (0 - 100 m). d) Same as a) but transportation 
emissions injected at 1 m and the remaining low level-emissions evenly injected into a layer of 75 
m depth (0 -75 m). The units are jig m 3 
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Figure 4-23: a) 1999 FRAME model predicted NO 2 surface air concentration 5 km x 5 km map 
- low-level emissions injected at 1 m. b) Same as a) but low-level emissions evenly injected into a 
layer of 10 m depth. c) Same as a) but low-level emissions evenly injected into a layer of 100 m 
depth. d) Same as a) but the transport emissions are injected at im and the remaining low-level 
emissions are evenly injected into a layer of 75 m depth. The units are zg 
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4.5. Summary and conclusion 
The analyses of emissions inventories were motivated by the unrealistic 
approximation of the SO2 low-level emissions injection height after the plume rise 
has been applied. Low-level emission injection heights have been chosen to be 
representative of a specific emissions sector, e.g. car emissions are injected at 1 in 
whereas pigs' emissions are injected at 3 m. Although these choices should be 
refined by a proper inventory of low-level emissions, these choices led to better 
estimates of the surface concentrations of NH 3 , NOx and SO2. Moreover the choice 
made better represents the real emissions. The extension of N11 3 , NOx and SO2 
emissions inventory to consider sector height should be considered as a priority. 
Emissions are critical to the performance of any ATM and therefore for the 
model predictions. Although emissions data are easily available for the UK (CEH 
and AEAT) this is not the case for the rest of the FRAME domain. 
-79- 
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Chapter 5 Further developments: Treatment of wind 
direction and bi-directional surface exchange 
5.1 FRAME wind dataset 
5.1.1. Introduction 
Statistical atmospheric transport models such as FRAME (Singles et. al., 1998; 
Fournier et. al., 2002) and HARM (Metcalfe et. a!, 2001 and TRACK (Lee et. al., 
2000) are used to provide estimates of average annual deposition of sulphur, oxidised 
nitrogen and reduced nitrogen. Wind direction and wind speed in such models are 
typically represented by an annual average wind rose, representative of the entire air 
column (Chapter 2, section 5). 
The choice of wind rose in such a model has a strong influence on the 
magnitude and spatial distribution of the pollutant deposition. If the frequency of 
occurrence of wind, as a function of direction, is weighted more towards the south 
and east, this implies a greater import of airborne pollutants to the United Kingdom 
from Europe. In contrast a wind rose that is weighted more towards westerlies and 
northerlies will result in the import of cleaner air from the Arctic and Atlantic 
regions. On a local scale, pollutants are deposited downwind of strong sources. Wet 
deposition concerns primarily the washout of aerosol particles by precipitation and is 
associated with long-range transport. Dry deposition of gases, however, tends to 
dominate deposition near the source. The choice of wind rose will influence the areas 
most strongly affected by the deposition in the vicinity of a strong source. To date 
the main reference for wind data has been Jones (1981) and the wind rose derived 
from these data has been employed by the three models described above. 
For use in the FRAME model, Singles et al. (1998) calculated a directionally 
dependent optimised wind speed based on the wind speed data of Jones (1981). The 
frequency of wind speed was classified into four different bins: 0-5 in s, 5-10 in s', 
10-15 in s and> 15 in s' for each of eight different wind directions. 
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Model runs were conducted by Singles (1996) along individual trajectories for 
the different wind speeds. The deposition of reduced nitrogen and the average 
concentration of ammonia were calculated by combining data from the different 
trajectories using the appropriate weighting according to the wind speed frequencies. 
A single 'optimised' wind was then calculated which best fitted the deposition and 
concentration profile from the combined suite of wind speeds. The directional 
optimised wind speeds were in the range 5.8 - 8.6 m s ' . The mean value was 
7.2 m s 1 , close to the value adopted for HARM and TRACK (7.5 in s'), and 
significantly lower than the average wind speed of 9.9 in s 1 . 
5.1.2. Radiosonde data 
Radiosondes are routinely operated by national weather services to obtain 
vertical profiles of meteorological parameters (temperature, dew point temperature, 
wind speed and direction, the latter with a 50  resolution). Eight operational 
radiosonde stations exist in the United Kingdom providing data four times daily in 
addition to one station in the Republic of Ireland. The data cover the period from 
1990 until present and are available in electronic format at the British Atmospheric 
Data Centre. The wind dataset has been analysed in collaboration with Anthony J. 
Dore (CEH Edinburgh). 
The aim of the present study is to generate a wind rose for the British Isles 
based on the available data set from radiosondes. In order to sample data from 
different geographical locations, four stations were selected in the British Isles. 
These were: Camborne (in Cornwall, south-west England); Hemsby (in East Anglia, 
east coast of England); Stornoway (in the Outer Hebrides, north-west Scotland), and 
Valentia (on the west coast of the Republic of Ireland). A ten year data set covering 
the period 1991 to 2000 for the four stations was used. Although the time scale of a 
decade is not considered sufficient in meteorological terms for climatological mean 
data, averaging over this period serves to remove some of the inter-annual variations 
in wind. An appropriate altitude at which to extract wind data for analysis should be 
above the friction layer (as wind speed and direction can be strongly influenced by 
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surface friction effects). Due to the significant vertical spacing between data points, 
which can be separated by depths of up to 200 m in some cases, and the fact that 
some data are invalid, it is further necessary to select a layer of atmosphere deep 
enough to have a strong probability of returning valid wind data. In practice the most 
appropriate vertical layer was found to be the 950-900 hPa pressure level 
(approximately altitude layer 500-900 m.a.s.l.). For each radiosonde all valid points 
within this layer were used to generate an average wind speed and direction. In all a 
total of 46000 radiosondes covering a ten-year period and four geographical 
locations were included in the study. 
Averaging the wind data over the four stations and the ten year period results in 
the wind rose, plotted at a five degree angular resolution as illustrated in Figure 5-1 
compared with the Jones wind rose. As can be seen, the radiosonde wind frequency 
illustrates a peak in the WSW direction and is approximately symmetric around this 










Figure 5-1 : Wind frequency % for a given wind direction. Blue: Jones (1981) with an angular 
resolution of 15 degrees. Red: radiosonde-generated with an angular resolution of 5 degrees. 
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Analysis of annual data requires the use of a coarser bin for the angular 
resolution in order to capture sufficient data points to be statistically significant. 
In Figure 5-2, wind frequencies are plotted averaged over the four stations for 
all 10 years included in this study. A greater incidence of easterlies in 1996 and 
















Figure 5-2: Annual variation in wind frequency (1991-2000). Angular resolution is 15 degrees. 
In Figure 5-3 the wind frequencies are averaged over the ten year period for 
individual stations. The geographical variations are relatively small although the 
station at Stornoway features a greater incidence of south and SSW directions and a 
lower frequency of north-westerlies. Seasonal variations may also be analysed by 
averaging over the four stations and the ten year period as a function of the month. 
Such monthly wind roses will be of importance for future model developments 
involving a bi-directional exchange of ammonia more on this can be found in 
chapter 6. This parameterisation considers the bi-directional exchange of ammonia 
which is dependent on temperature and leaf properties which themselves vary 
SEE 
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seasonally. A sample of four months (February, May, August and November) from 
each of the four seasons of the year is plotted in Figure 5-4. A strong incidence of 
north-easterlies is evident for the month of May. This is due to the more frequent 








Figure 5-3 (1991-2000) wind frequency for Valentia, Hemsby, Camborne, and Stornoway 
station. Angular resolution is 15 degrees. 
Using radiosonde windspeed data to generate a windspeed rose presents 
additional complications. As demonstrated by Singles et al., (1998), the mean 
windspeed is inappropriate for use in an atmospheric transport model. The 
'optimised' wind speeds calculated by Singles et al., (1998) were the single wind 
speeds which were found to best reproducing the concentrations of ammonia and 
deposition of reduced nitrogen from a distribution of wind speeds based on the data 
of Jones (1981). Attempts to correlate the optimised wind speed to the average wind 
speed based on the results of Singles et al., (1998) show that an average wind speed 
should be scaled by a factor of 0.89 - 0.68 to obtain the optimised wind speed. The 
scaling factor was found to decrease with increasing wind speed. These results show 
how low wind speeds have a larger effect in model predictions for deposition than 
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high wind speed. The advected air column using a lower wind speed spends more 
time over a grid square than when advected with higher wind speed, therefore more 
pollutant is emitted into the air column. Deposition velocity Vd is also reduced as Ra 
and Rb are wind speed dependent (chapter 5 section 2.1). The sum of these effects 
increases the air concentration. However this relationship cannot be considered 
robust in terms of a general application due to the small number of data points in the 
study and the lack of a clear correlation between optimised and average wind speeds. 
In this study a simpler approach is sought for processing windspeed data to generate 
a value suitable for use in a transport model. Lower wind speeds are known to result 
in higher low-level concentrations of gaseous species and greater deposition close to 
source regions. in dealing with a frequency distribution of wind speeds one approach 
is therefore to apply a greater weighting to the low wind speeds in the averaging 
procedure. This is most simply achieved by taking the 'harmonic mean', or 
averaging the reciprocal wind speeds. Figure 5-5 shows a comparison between the 
windspeed rose used by Singles et al., (1998) and that generated by calculating the 
harmonic mean from the ten year radiosonde data set. 
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Figure 5-4 : (1991-2000) Month representative to the four seasons. Angular resolution is 15 
degrees. 
The radiosonde data exhibits stronger wind speeds from the south-west and 
lower values from the east, in contrast to the optimised wind speed data of Singles 
(1996) which shows less pronounced directional dependence of windspeed, with the 
highest values from the north-west sector. The frequency-weighted mean value of 
wind speed from the Singles etal., (1998) data is 7.2 m s. A value of 7.5 in s' is 
obtained from the harmonic mean of the radiosonde data and this is the same value 
which has previously been adopted in the HARM and TRACK models. Whilst the 
close agreement between these values may be considered fortuitous, this suggests 
that the use of the harmonic mean is a simple and effective procedure for generating 
a windspeed suitable for general application in a transport model. The previous use 
of the wind speed value 7.5 m s in earlier modelling studies, in the absence of more 
detailed data, is also suggested by this agreement. The wind speed data have been 
analysed, as the wind frequency data, for geographical and inter-animal variations. 
This analysis however reveals smaller variations between the wind speed roses than 
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was observed for the wind frequency roses. The generation of a year-specific wind 
speed rose is therefore not considered to be of importance. Analysis of the seasonal 
variation of windspeed roses however produces more significant results with stronger 
wind speeds evident for a winter month (February) than for a summer month 
(August). 












Figure 5-5 Singles (1998) wind speed rose (Blue) compared to average wind speed rose (Red). 
Units are m s ' . 
5.1.3. Radiosonde wind-rose results compared with Jones wind-rose 
To investigate the effect of the different wind statistics two 1999 FRAME runs 
were made. One was with the radiosonde dataset and the second with the Jones 
(198 1) dataset. SO2 is used to investigate the effect of using new wind data because it 
is easy to see an effect at UK scale. 
SO2 dry deposition from the 1999 FRAME run for the radiosonde wind data and 
Jones wind data is shown in Figure 5-6 part a) and b), respectively. SO2 wet 
deposition from the 1999 FRAME runs for the radiosonde and the Jones wind roses 
is shown in Figure 5-7 parts a) and b), respectively. 
Figure 5-1 highlights the differences between the Jones and radiosonde wind 
frequencies in the northerly wind direction with an associated transport of pollutants 
towards the south from central England to the Midlands. Dry and wet deposition 
predicted by the FRAME model in the Midlands is mostly above 4.8 kg S ha -1 y 1 
ERM 
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when the Jones wind data is used, whereas using radiosonde wind data this area is 
mostly below 4.0 kg S ha 1 y 1 . These differences in the deposition field are very 
important if FRAME predictions are used to estimate critical loads of sulphur and 
any other pollutant. 
Figure 5-8 shows how the comparison with observations changes when the 
FRAME model uses radiosonde a) or Jones' wind rose b). The slopes vary from 1.02 
to 0.92 for radiosondes and Jones, respectively. R 2 and intercept varies from 0.90 to 
0.83 and -0.09 to 0.43, for radiosondes and Jones, respectively. Figure 5-8 clearly 
shows how the FRAME model prediction using radiosonde wind data gives a slightly 
better agreement with the observations for all correlation parameters. 
The FRAME domain budget is affected by the change of wind data (wind 
frequency and wind speed). Table 5-1 shows the summary of the 1999 FRAME run. 
FRAME import is calculated using a European version of the FRAME model which 
is derived from the TERN model and stays basically constant. 
Export of NH, NO and SO, increased by 12 kg N ha -1 y', 14 kg N ha-1 y' and 
22 kg S ha' y 1 , from FRAME using radiosonde wind rose to FRAME using 
Jones (1981) wind rose, respectively. The direction of enhanced export is towards 
Norway with an associated decrease in dry and wet deposition within the FRAME 
domain. 
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Figure 5-6: a) SO, dry deposition — radiosonde wind rose b) SO, dry deposition – Jones' wind 
rose. Units are kg S ha' y. 
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Figure 5-7: a) SO, wet deposition — radiosonde wind rose b) SO, wet deposition — Jones' wind 
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Figure 5-8: 1999 FRAME SO 2 prediction vs. observation (1998 - 2000 average), a) radiosonde 
wind rose b) Jones' wind rose. Units are tg m 3 . 
Table 5-1: 1999 FRAME domain budget. a) Radiosonde wind-rose. b) Jones' wind-rose. 
c Radiosonde - Jones. Units are Ge v ' . 
N}I-N NON-N SOX S 
Import 16 55 21 
a) Radiosonde Dry deposition 99 66 78 
Wet deposition 108 70 128 
Export 117 371 425 
Import 16 56 20 
b) Jones Dry deposition 101 67 88 
Wet deposition 113 77 134 
Export 105 357 403 
c) Radiosonde i 	Import 0 -1 1 
Dry deposition -2 -1 -10 
- Jones 	I Wet deposition 1 	-5 -7 -6 
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5.2 Bi-directional exchange of Ammonia 
5.2.1. Introduction 
FRAME model ammonia dry deposition is normally calculated using the 
canopy resistance model (Singles et al., 1998). Three resistances connected in series 
represent atmospheric surface layer resistance (R a), molecular sub layer resistance 
(Rb) and surface resistance (R e) where R is land-cover dependent (Sutton et al., 
1994). The flux of material to the surface is calculated using the analogy of Ohm's 
law for direct current which says that the magnitude of a current I in a closed circuit 
is equal the voltage V applied multiplied by the reciprocal of the resistance 11R as 
shown in Figure 5-9. In this context the voltage V is replaced with the concentration 





Figure 5-9: Simple electric circuit of one dc voltage supply V connected in series with a 
resistance R. The current I is calculated using Ohm's law I=V/R. 
R 
(5-1) 
Surface deposition flux is obtained by multiplying ammonia surface 
concentration by the reciprocal of the sum of the three resistances as shown in 
equation (5-2). The reciprocal of the sum of R a, Rb and R is also known as the 
deposition velocity Vd. 
Flux (NH3)=Z 	 ZVd 	 (5-2) R a + b +Rc  
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This approach only allows one way exchange (from the atmosphere to the 
surface); however vegetation is known to have a bi-directional exchange as 
demonstrated by Sutton etal., (1995c). 
5.2.2. Bi-directional exchange of ammonia - Single-layer canopy model 
The parameterisation used here is the single-layer canopy compensation point model 
as proposed by Sutton et al., (1995c), where the canopy model is extended, by 
introducing stomata and leaf cuticle resistances connected in parallel as shown in 
Figure 5-10. 
. 








 r 	R 
Flux v V  




Figure 5-10: a) Canopy resistance model. b) The single-layer canopy compensation point model 
according to Sutton et aL (1995c). R. resistance; Subscripts are: a = aerodynamic; b = boundary 
layer; w = leaf cuticle and s = stomata. y, NH3 concentration in air, i, and X, stomata and 
canopy compensation points, respectively. 
The Net flux for the single-layer canopy compensation point model (part b of 
Figure 5-10) can be positive or negative (deposition or emission). Emissions occur 
when stomata flux is negative and larger than the leaf cuticle flux. In this case the 
sum of the two fluxes (stomata and leaf cuticle) is negative, therefore emissions 
occur. 
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The single-layer canopy compensation point fluxes (net flux, leaf cuticle flux 
and stomata flux) are mathematically calculated using Kirchhoff's laws. 
Kirchhoff's laws state the following: 1st  law: the current flowing into a junction 
in a circuit (or node) must equal the current flowing out of the junction; and the 21 
law: for any closed loop path around a circuit the sum of the voltage gains and 
voltage drops equals zero. 
Kirchhoff's laws are applied to the single-layer canopy compensation point 
model equivalent electric circuit shown in Figure 5-1 1 part a). 
node 1 
Rb 	 R 
Rw 
Ra _ _ 
a)  01 














Figure 5-11 a) Single-layer canopy compensation scheme electric circuit equivalent. b) l' 
Kirchhoff's law (21 = 0) applied to node 1. c) and d) 2 Kirchhoffs law (V 1 O) applied to the 





The 1st  Kirchhoff law is applied to the node 1 of Figure 5-11 part b) obtaining 
equation (5-3). 
= 'ab + 
	
(5-3) 
The 2 nd  Kirchhoff law is applied to the two electric networks of Figure 5-11 part 
c) and d) obtaining equation (5-4) and (5-5), respectively. 
(R a  + Rb)Iab + R.I.= 2'a 	 (5-4) 
R wIw + RsIs = 	 (5-5) 
Equation (5-3), (5-4) and (5-5) form a linear system of equations (5-6) with 
three unknowns (fluxes) and three equations as R a, Rb, R, R, X, and X are known 
quantities and are discussed later in this section; therefore it can be solved using 
standard techniques. Where 'ab, 1w and I are the net flux, the leaf cuticle flux and the 
stomata flux, respectively (referred to Figure 5-10 part b)). 
IW = 'ab + 
(R a + Rb)Iab + R.I.=  Za 	 (5-6) 
RI + R, I,= 
The so called compensation point X (Sutton and Fowler 1993a, Sutton et al., 
1995c and Nemitz et al., 2000) can be calculated as follows: equation (5-5) is re-
arranged obtaining equation (5-7) 
RI = —R 3 I + 
	
(5-7) 
using equation (5-3) equation (5-7) becomes 
RI = —R (i - Iab  ) + 	 (5-8) 
using equation (5-4) equation (5-8) becomes 
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RI = — R5I + 
R s Za - RSRWIW + 
	 (5-9) 
R0 ±Rb R +Rb 
finally RJ is called y therefore equation (5-9) becomes 
- X a (R a 	y +R' + 5 R' 
- (R 0 +Rb ) +R' +R' 	
(5-10) 
All the fluxes Jab, 1w and I can be calculated starting from equation (5-6). 
In the previous version of the FRAME model (4.23), deposition velocity was 
calculated within the main code. A canopy module has been created as a platform for 
testing different deposition schemes. 
Parameterisation for the single-layer canopy compensation point model are the 
same as used in Nemitz et al., (2000) and are intended for preliminary work on bi-
directional exchange of ammonia with the aim of verifying the necessary numerical 
stability and applicability of the bi-directional exchange of ammonia to the FRAME 
model. 
Ra represents the aerodynamic resistance at the surface and is calculated using 
the formulation as suggested by Garland, (1977) and is shown in equation (5-1 1). 
R 	_Y1HYM a 
u 	u.k 
(5-11) 
where u is the wind speed at the surface, us is the friction velocity, k is the von-
Karman constant, 4H  and 4M  are semi empirical stability correctors derived by 
Webb (1970) and Dwyer and Hicks (1970). 
R b  represents the molecular diffusion resistance and is calculated using the 
formulation as in Garland (1977) and is shown in equation (5-12). 
Rb l45Re 24 S 8 U' 
	
(5-12) 
where Re* is the turbulent Reynolds number, S is the Schmidt number. More on this 
can be found in Singles (1996). 
sues 
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R for each land-use used in the canopy resistance model are directly derived 
from measurements as in Sutton et al., (1994) and shown in Table 5-2 (Singles, 
1996), whereas in the single-layer canopy resistance model R and R 5 are explicitly 
calculated using equation (5-13) and (5-14), respectively. 
Table 5-2 : Values of R(s m') as used in the FRAME model for different land-use. (Singles 
(100 	nrl 1'giirnipr OfifiIII  
Land use Arable Forest Grassland Moorland Urban 
R 1000 20 600 20 240 
100-RH 
R = min(RWMflle P2 J) 	
(5-13) 
__L ) R 2 =min(RSM,RSMfl 1 	 (5-14)
R) 
where 0 and 132 are summarised in Table 5-3, RM = 5000 s m 1 , RM = 5000 s m 1 , 
RH is the relative humidity, RSMin = 1 s m, a1 = 180 W m 2 and R 5 is the local solar 
radiation expressed in W m 2 . 
Table 5-3 : Values of $j  and $2  as used in the FRAME model for the different land-use. Mark 
Q..Gtan ­­ .1 nnn-,m.I n;PQtinn ( flfl\ 
Land use Arable Forest Grassland Moorland Urban 
0 30 5 30 5 50 
132 7 12 7 12 12 
The stomata compensation point X, shown in equation (5-15), is related to the 
pH and [NH4 ] concentration in the apoplast by Henry's Law and the dissociation 
equilibrium for NH 3 and NH in water. The parameterisation used here is valid for a 
surface pressure of 1 bar (Nemitz et al., 2000). The canopy compensation point 
formulation is shown in equation (5-15) where T is the temperature; ratio between 
the concentrations of [NT-L] and [H t ] is often referred as F. I may be directly 
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measured or calculated from micrometeoro logical flux measurements (Nemitz et al., 
2000), concentrations units are mol 11. 
161500 	1  10380[N14] 
= T 
exp— 
T ) [H] 	
(5-15) 
The values of 17, used in the FRAME model are summarised in Table 5-4. I' values 
used in the FRAME model are provided by personal communication with Mark 
Sutton (CEH Edinburgh) with the purpose of evaluating the effect of bi-directional 
exchange on the FRAME model prediction. 
Table 5-4 : Gamma values used in the FRAME model for the different land-use categories. 
Personal communication Mark Sutton and Celia Milford (2005). 
Land use Arable Forest Grassland Moorland Urban 
l' 1000 100 1000 50 200 
A similar approach to the ammonia single-layer canopy compensation point 
model should be extended to all other species in order to have a common module to 
perform dry deposition. The FRAME canopy module is now ready to be extended for 
future upgrades and can easily be extended to all remaining species. 
5.2.3. Bi-directional exchange of ammonia applied to the FRAME model 
The canopy resistance model uses values for R which are only a function of 
land-use (Singles, 1996), whereas in the single-layer canopy compensation point 
model R. and R 5 are also functions of humidity and temperature, respectively. To 
investigate the effect of the single-layer canopy compensation point model on the 
FRAME predicted ammonia concentrations two experiments were conducted. 
The first experiment was designed to investigate the stomata flux behaviour 
when the single-layer canopy compensation point model is used to predict ammonia 
ground level air concentration in the FRAME model. R 1., was fixed to the maximum 
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value of 5000 s m in order to minimise the leaf cuticle flux and to artificially 
enhance the stomata flux. This of course is an unrealistic situation only used to 
simplify the number of parameters involved in the bi-directional exchange process 
for this specific test and will only provide a qualitative analysis of the spatial 
distribution across the UK of potential stomata flux. The value of R w was chosen to 
obtain similar total annual dry deposition as for the prediction of the FRAME model 
using the canopy resistance model; however the spatial distribution of the dry 
deposition may not be consistent between the two deposition schemes. 
A first set of three FRAME runs were made for this experiment, the first run 
using the canopy resistance model, a second run using the single-layer canopy 
compensation point model with fixed R (5000 s m 1 ) and finally a third run using the 
single-layer canopy compensation model where all resistances were explicitly 
calculated. 
Predicted FRAME model ammonia concentrations for the three runs are shown 
in Figure 5-12 a), b) and c) for the canopy resistance model, single-layer canopy 
compensation point model with fixed R, (5000 s m 1 ) and single-layer canopy 
compensation point model, respectively. To quantify differences of the three runs 
two ratio plots relative to the first FRAME model prediction were made; Figure 5-13 
shows in part a) the single-layer canopy compensation point model where R,4 fixed to 
5000 in s and in part b) the single-layer canopy compensation point model where 
R calculated, both as ratios to the FRAME model predictions with the canopy 
resistance model. 
Figure 5-13 part a) shows how in this experiment the surface concentration is 
enhanced in areas of low ammonia emissions. Ammonia air concentrations in 
Scotland, Wales and the Pennines double when the single-layer canopy 
compensation point model (R,% = 5000 s m') is used; however this test was only 
intended to provide a qualitative spatial analysis of the new deposition scheme. The 
results verify, as expected, that bi-directional exchange of ammonia leeds to net 
emissions only in low ammonia concentration areas and that the single-layer canopy 
compensation point has been successfully implemented into the FRAME model. 
g 






Figure 5-12 : FRAME model predicted NH 3 ground level concentration for 1999. a) Canopy 
resistance model b) Single-layer canopy compensation point model (R fixed to 5000 s m'). c) 
Single-layer canopy compensation point model (R u, calculated). Units are ILg m 3 . 
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4 
a) 	 b) 
Figure 5-13 : Ratio plot of FRAME NH 3 ground level model prediction; Single-layer canopy 
compensation point model! Canopy resistance model: a) R. fixed to 5000 s rn' b) R calculated. 
Note: part a) and b) uses a different scale. 
Figure 5-13 part b) shows very different results when compared with part a). 
Predicted surface ammonia concentration using the single-layer canopy 
compensation point model (R calculated) are lower by a factor of —0.6 in areas of 
high ammonia emissions, which generally occours in grid square dominated by 
arable land-use. To understand this result the single-layer canopy compensation point 
model is simplified to be comparable with the canopy resistance model. 
Values of R for a range of relative humidity from 60% to 90% (FRAME model 
relative humidity range) are calculated using equation (5-13) and shown in Table 5-5. 
Values of R for a 24 hours daily cycle are calculated using equation (5-14) and 
shown in Table 5-6. 
Assuming the stomata concentration is zero (X = 0) the single layer 
compensation point model shown in Figure 5-1 can be simplified by calculating the 
equivalent resistance R,, of R and R which are connected in parallel (Figure 5-14) 
using equation (5-16). This simplification makes it possible to compare R11 with R. 
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R,
/ 
 = R5R 
R 5 ~ R, 
(5-16) 
a) 	 b) 
Figure 5-14 : Assuming zero stomata concentration the single-layer canopy compensation point 
is reduced to the canopy resistance model calculating the equivalent resistance of the parallel 
connection between R and R,. 
Daily values of R// for each land-use are shown in Figure 5-15 for two relative 
humidity values of 80% and 90%. 
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Figure 5-15 : Daily value of R//  calculated for each land-use with two values of relative humidity 
80% and 90%. 
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The value of R// is generally lower than R, therefore the single-layer canopy 
compensation point removes ammonia from the atmosphere more efficiently. As an 
example the value of R used in the FRAME model for arable land-use is 1000 s 
where R // is in the range of 60-500 s m 1 . The overall effect is to lower ammonia 
concentrations when compared with the canopy resistance model. 
ThI c.. . Q g1'iiItpd licina pniiatinn (-1i' for P.aph Ind-iise and for various RHs. 
Relative humidity 
R 	- units are s 
Arabic Forest Grassland Moorland Urban 
60% 5000 140 5000 140 1402 
70% 2180 61 2180 61 609 
80% 522 26 522 26 265 
90% 125 12 125 12 115 
Toh1 .J • 1? g'IiiItp(I iiino pnnitinn (_14' for different timp of thp dav 
Time of the day 00:00 6:00 12:00 18:00 
R units are sm 1 5000 1300 60 180 
To understand the behaviour of the bi-directional exchange of ammonia better a 
second set of two FRAME runs were conducted; a fourth run using the single-layer 
canopy compensation point model with stomata concentration X set to zero (X = 0) 
and a fifth run using the single-layer canopy compensation model with fixed R and 
stomata concentration X set to zero (R = 5000 s m 1 and X = 0). As the number of 
FRAME runs for section 5.2.3 increases a brief summary of the runs made is shown 
in Table 5-7. 
The effect of the R parameterisation is isolated taking the ratio between the 
fourth and the fifth FRAME run. As X is equal zero there is no feed-back in the 
ammonia air concentration due to stomata emissions, therefore differences between 
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the two runs (fourth and fifth) are due to the different parameterisation used for R. 
This result is shown in Figure 5-16 part a). 
The effect of stomata emissions (i.e. >O) is highlighted by taking the ratio 
between the second and fifth FRAME rim. The two runs use a common fixed R. As 
R is also function of relative humidity thus temperature the R overall effect on air 
concentration can override the stomata emissions. This result is shown in Figure 5-16 
part b). 
The key information of Figure 5-16 is that using a realistic leaf cuticle 
resistance (R) reduces the air concentration across all UK whereas the use of 
realistic stomata emissions only enhances the air concentration in remote areas such 
as the Highlands and the Borders in Scotland and part of East Anglia where the 
annual average ammonia concentration is relatively low. 
Table 5-7: Summary of the FRAME model runs made for the first experiment of section 5.23 
h;_eurnn,:nnnl nvrhnnna nf ommnnio 
FRAME runs DEPOSTION SCHEME and PARAMETER USED 
Canopy resistance 
1St 
R 	oc (land - use) 
Single layer canopy compensation point model 
2nd R = 5000 
zs 	(temperature, [') 
Single layer canopy compensation point model 
3rd R 	(land - use, relative humidity) 
(temperature, Fj 
Single layer canopy compensation point model 
4th R 	c (land - use, relative humidity) 
zs = 0 
Single layer canopy compensation point model 
5th R = 5000 
zs = 0 
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Figure 5-16 : Ratio plot of predicted FRAME NH 3 ground Level concentration: 
a) Single-layer canopy compensation point model: (R = 5000 and Y, fixed to zero) I (R 
calculated and X fixed to zero). b) Single-layer canopy compensation point model: (R = 5000 
and X calculated) I (R = 5000 and X fixed to zero). Note: part a) and b) use a different scale. 
The FRAME model predictions were compared with observations as shown in 
Figure 5-17 part a) for the canopy resistance model and part b) for the single-layer 
canopy compensation point model. Both deposition schemes have good R 2 of 0.55 
and 0.53, and have slopes of 1.06 and 0.91, for canopy resistance and single-layer 
canopy compensation point model, respectively. This may suggest that the canopy 
resistance model performs slightly better when the FRAME model predictions are 
compared with observations. A more detailed analysis of the parameters, such as 17, 
used in this experiment should be a priority for future work. 
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Figure 5-17: 1999 FRAME model surface concentrations vs. observations (1998 - 2000 average). 
a) Canopy resistance model (run 1). b) Single-layer canopy compensation point model (run 3). 
Units are jtg m 3 . 
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A second experiment has been made to investigate the seasonal effect of the 
single-layer canopy compensation point at specific geographical locations. Two 
observation sites were chosen to represent very low and very high ammonia 
concentrations. Inverpolly, north of Scotland (NC187088 GB National Grid 
reference), was chosen to be representative of sites of very low ammonia 
concentrations, where Bedingfield, East Anglia (TM173684 GB National Grid 
reference), was chosen to be representative of sites with high ammonia 
concentrations. The FRAME model currently underestimates the surface 
concentration at the Bedingfield site as show in Figure 5-17 part a) and c) (sites 68). 
Twelve 1999 FRAME runs were made, one for each month of the year. The 
FRAME model has been initialised using monthly meteorological parameters such as 
temperature and humidity representative of the Inverpolly observation site. As they 
are similar to the default values used in the FRAME model they are thought to be 
representative of the Bedingfied site. Moreover the main focus is to investigate the 
net emissions of ammonia which is expected to be negligible at the Bedingfied site; 
therefore the temperature assumptions made earlier are relatively unimportant. The 
FRAME model superimposes a diurnal temperature cycle to the monthly mean 
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Figure 5-18 : FRAME model hourly temperature profile. The FRAME model uses a monthly 
average temperature to calculate a diurnal temperature profile. Units are °C. 
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For this experiment the 1999 annual average emissions are divided by twelve 
and used for each month run. 
Figure 5-19 shows monthly predictions of the FRAME model for concentrations 
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Figure 5-19 : Inverpolly 1999 ammonia concentrations. Observation (Blue). FRAME model 
prediction: (Red) monthly predictions of single-layer canopy compensation point model, (Green) 
annual average canopy resistance model. The yellow line is the monthly mean temperature 
representative of Inverpolly observation site. 
The FRAME model with the single-layer canopy compensation point was able 
to capture the seasonal variation in ammonia concentrations, however for two 
months, April and July; the ammonia concentration was much larger than the 
concentration predicted by the FRAME model. This is probably due to small spatial 
scale variations in ammonia emissions which may not be captured by the FRAME 
model (e. g. wild animals). 
The new deposition scheme also increases the annual average surface air 
concentration of ammonia from - 0.02 ig m 3 to - 0.05 .tg m 3 . The stomata 
emission is the mechanism which increases the ammonia surface air concentration in 
this situation. 
Elm 
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Figure 5-20 shows the monthly prediction of the FRAME model for surface 
ammonia concentration at Bedingfield observation site for the year 1999. 
1999 Bedingfield 
— FRAME Single-layer 




FRAME Canopy resistance 
model 




Figure 5-20 : Bedingfield 1999 ammonia concentration. Observations (Blue). FRAME model 
predictions: (Red) monthly predictions of single-layer canopy compensation point model, 
(Green) annual average canopy resistance model. The yellow line is the monthly mean 
temperature representative of Inverpolly observation site. 
In contrast to the predicted concentrations at Inverpolly observation site the 
concentrations vary little through the months of the year. It also appears that the 
FRAME model does not capture the monthly variations in concentrations. This 
observation site is located in a mixed agricultural area were ammonia concentrations 
are strongly influenced by anthropogenic emissions from manure spreading or 
animal management. To be able to capture the monthly variations of the ammonia 
concentrations a detailed monthly emissions inventory is required. Work on this is 
currently being undertaken by Ulrike Dragosits and Sofie Helisten (CEH Edinburgh) 



























Chapter 5 	 Further developments... 
5.3 Summary and conclusion 
The FRAME model uses Jones (1981) wind frequency and an 'optimised' 
single wind speed (Singles, 1996) for each wind direction to advect the air column 
across the FRAME domain. The 'optimised' single wind speed for each wind 
direction is calculated by Singles, (1996). This approach has the problem of the 
necessity to recalculate the 'optimised' windspeed every time the FRAME model is 
modified. Version 4.16 of the FRAME model was primarily used to predict ammonia 
concentrations and reduced nitrogen deposition, therefore the optimisation of the 
windspeed was calculated mainly focusing on ammonia. 
The FRAME model is now used to predict reduced nitrogen, oxidised nitrogen 
and oxidised sulphur deposition as well as ammonia, sulphur dioxide and nitrogen 
dioxide concentrations. Clearly 'optimising' the wind speed only with ammonia was 
not any longer acceptable and a more general approach has been introduced using the 
harmonic mean of wind speed from the radiosonde dataset. The harmonic mean wind 
speeds also have the benefit to decouple model wind speed with the observation 
(Singles 1996) providing an independent set of windspeed to the observations. 
Moreover Jones wind frequency has an unusual peak in the northerly direction which 
does not appear in the radiosonde dataset. 
The single-layer canopy compensation point represents the exchange of 
ammonia, between the atmosphere and the surface, more realistically than the canopy 
resistance model as it uses meteorological and daily-varying parameters to calculate 
the dry deposition. Moreover the results show that the values of R used by 
Singles (1996) and Fournier (2002) are probably too high. 
The new deposition scheme represents the seasonal variation of ammonia 
concentrations modelling the stomata emissions which enhance ammonia 
concentrations in areas of very low concentrations. The mechanism that enhances 
these concentrations which was missing in the canopy resistance model is the 





FRAME model predictions closer to the observations in areas of low ammonia 
concentration. 
The FRAME model requires a monthly emissions dataset to be able to predict 
monthly concentrations in areas of high concentrations well. These areas are usually 
intensive farmland where concentrations are closely related to anthropogenic 
emissions due to manure spreading or animal management which have a strong 
seasonal pattern. 
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Chapter 6 FRAME model performance 
6.1 Introduction 
The aim of the FRAME model is to predict transport, transformation and 
deposition of chemical species such as NH 3 , NO and SO2. The comparison of model 
predictions with observations is used to validate the FRAME model results. FRAME 
model ground-level concentrations are compared with surface observations from 
various UK measuring networks. Observations are valuable and powerful 
information necessary to validate ATMs models, however the intrinsic difference 
between observations and model predictions needs to be considered and analysed in 
detail to understand better the differences between model predictions and 
observations that may occur. 
FRAME model surface concentrations are calculated starting from emission 
estimates which represent a specific grid square; therefore the modelled surface 
concentration is likely to represent the entire grid square. In contrast observations are 
representative for the measurement site location. Chemical species such as NH 3  have 
sub-grid (5 x 5 kin) variability of concentrations as high as three times or more. 
Figure 6-1 shows NH3 air concentration observations from the UK National 
Ammonia Monitoring network of pair of sites from lying within the same 5 x 5 kin 2 
grid square (GB National Grid reference). Spatial variability is very important when 
observations are used to validate the FRAME model and any other ATM. Moreover 
Figure 6-1 can provide an indication of spatial uncertainties of observations when 
extended to a 5 x 5 kM2 grid.  
Uncertainty estimates are very important when ATM results are used to 
calculate critical loads of threatened ecosystems or to predict the effect of a change 
in emission scenario. Previous work (Singles, 1996, Singles et al., 1998, Fournier et 
al., 2002, 2004) validated the FRAME model using observations from various UK 
monitoring networks assuming observations and model predictions were error free, 
whereas here an attempt is made to estimate uncertainties for both observations and 
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model predictions. However, it is not an easy task to estimate the FRAME model 
uncertainties and a sensitivity analysis is made to understand the model variability as 
a function of its most important parameters. 
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S ,' 
Figure 6-1 1996-2003 average surface concentrations for pairs of sites in the UK National 
Ammonia Monitoring Network that are in the same 5 x 5 km2 grid square of the GB national 
grid. Same colour indicates sites within same 5 x 5 km2 of National Grid square. 
6.2 FRAME model sensitivity analysis 
An extended analysis of the physical process parameters used in the FRAME 
model (version 4.21) predictions has been carried out in collaboration with Margaret 
McDougall and Anthony J. Dore (Dore et al., 2005). 
The list of the 22 parameters included in the sensitivity study and their limits of 
uncertainty used in this study are shown in Table 6-1. The uncertainty limits for each 
of the parameters has been provided by personal communication with various 
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Table 6-1: FRAME parameters used in the uncertainty study. The names of the parameters are 
the same as used in the FRAME model FORTRAN code. P mete ' Parameter interpretation Parameter dependency Increment Units  - 
I 	VVNO2 	NO 2 deposition velocity 	land use dependent 	33 	m s 
2 	Vd VS0 2 	SO2 deposition velocity 	land use dependent 100 m S 1 
3 	dD 	
Deposition velocity for the species dependent 50 	m s ' 
remaining _species  
1 4 	R 
Canopy resistance for land use dependent 100 	ms 
jammonia deposition  
vegetation roughness length 
5 	zo 	(used in calculation of NH 3 	land use dependent 10 m 
dry deposition velocity)  
wind speed at a land use 
6 	vWind 	dependent height z above the 	land use dependent 	20 	m s' 
zero plane displacement  
7 A wet scavenging ratio species dependent 100 
2— 
8 Sif 
seeder feeder enhancement 2 100 
factorfor wet deposition rate  
9 rrN003 
reaction rate: 
NO--O3 -- NO 2+02 
2.1 x 102xel45/T 20 





1.2 x 1013 x  e_241T 30 
cm3 s- ' 
 molecule- ' 
11 equilC 
equilibrium constant: temperature dependent 100 m01 2 m 6 
NH3+HNO3-NH4NO3  
daytime reaction rate: 
3 12 FP, NO2+hv- NO+O l0 2 x et03 x0.625 40 s 
value is zero)  
13 PG ToP 
reaction rate: 
HNO3- NO+H 
10 100 s_ I 
14 rrNO2OH 
reaction rate: 
NO2+OH- HNO 3 
1.1 	x I 011 70 
 _______ 
cm 3 s 
molecule-' 
15 
peroxD daytime H 202 production rate 0.08333 40 ppb h' 
(night time value is zero)  
16 emitNH3 NH 3 emissions spatially variable 30 kg N ha -1 
4 17 emitNOx NO emissions spatially variable 20 kg N ha' 
18 emit SO 
SO2 emissions and H2SO 4 spatially variable 40 kg S ha' 
emissions  
19 wspeed optimised wind speed 
directionally variable 
(59 ms- ')  
10 m s1 
20 K, maximum vertical diffusivity diurnally variable 100 m2 s 
5- 
21 h, Stack height 
spatially variable 20 m 
(50-260m)  
22 hmgx24 
diurnally variable mixing 	diurnally variable 20 m 
layer height 
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Twenty-two FRAME model simulations are made for this sensitivity study, one 
for each parameter included in this study. Certain parameters, such as wind speed 
and mixing layer height can be measured quite accurately and therefore have a low 
uncertainty of 10 or 20% whereas other parameters such as the seeder-feeder 
enhancement factor (Dore et al., 1992), the rate of nitric acid gas to nitrate particle 
conversion or the equilibrium constant for conversion of ammonia and nitric acid to 
ammonium nitrate represent simple model parameterisations for atmospheric 
processes that are much more complex in reality. For these parameters, uncertainty 
limits with an increase of up to 100% have been selected. The choices of parameters 
can be grouped into five categories: 
 dry deposition (1 - 6) 
 wet deposition (7 - 8) 
 chemical interaction (9 - 15) 
 emissions (16-18) 
 boundary layer (19 —22) 
The results of the FRAME model sensitivity analysis for dry deposition of SO2, 
(N}14) 2 SO4. H2SO4, NH3 ,NO2 , HNO3, NH4NO3 , NO3 , and wet deposition of SO 2 , 
(NIl-14)2 SO4, H2SO4, NH 3, HNO3, NH4NO3, NO3 , and dry/wet deposition of NH, 
NOV, SOS,,, are summarised in Table 6-2, Table 6-3 and Table 6-4, respectively. 
Currently, the dry deposition velocity for NO and the wet deposition removal rates 
for NO, NO2 and PAN are fixed to zero and therefore not included in the study. 
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Table 6-2: Annual average UK dry deposition % changes for the year 2000. The bold red 
numbers are in magnitude greater than 10 %. 
Parameter Increase 
S02 (NH,)-.SO, H2 SO4 NH3 NO2 HNO3 NHNO3 NO3 
1 VaVNO 33 -1.3 2.1 6.5 0.28 24 -1.3 3.5 2.7 
2 VdVSO2 100 36 -1.6 -3.8 0.22 0 -0.13 0.2 0.01 
3 dD,y 50 0.1 36 52 0 0 7.2 
4 R 100 -0.49 3.9 -7.1 -23 0 -4.3 8.3 -0.08 
S Z0 10 -1.3 2.0 6.7 -0.19 -1.1 -0.08 -0.7 -0.44 
6 vWind2 20 -0.04 0.31 -0.57 -1.7 0 -0.32 0.62 -0.01 
7 Aj 100 -4.5 -32 -30 -3.6 0 -21 -30 -26 
8 Sff 100 -0.2 -7.6 -6.1 0.11 0 -3.2 -3.4 -5.5 
9 rrNQQ 20 -1.3 2.1 6.6 -0.32 -LI -0.1 -0.61 -0.44 
10 rrNO203 30 0.02 -0.1 0.1 -0.02 -3.7 1.6 3.5 21 
11 equilC 100 -0.01 0.53 -1.6 0.45 0 20 -38 0.2 
12 FP, 40 -0.03 0.17 -0.21 0.07 -1.7 -2.5 -6.5 0.12 
13 FGToP 100 0.14 -0.66 0.67 -0.23 0 11 24 -4.2 
14 rrNO,OH 70 0.37 -1.9 2.4 -0.84 -1.6 28 7 8 -0.67 
15 
peroxD 40 -0.59 0.26 5.0 -0.03 0 0.04 -0.07 0 
16 emizNH 3 30 j 	-1.3 11. -20 32 0 -9.5 18. -0.19 
17 emitNOx  20 0.04 0.31 0.6 0.08 3.3 3.4 8.8 4.2 
18 emitSO x  40 lo 4.7 33 -0.59 -1.7 0.08 -1.3 -0.71 
19 Wspeed 10 -3.1 1.6 8.3 -9.1 -6.7 -0.65 -31 1.1 
20 Kmax 100 7.1 9.2 45 27 14 23 -16 6.5 
21 hst 20 -4.3 -0.12 -2.5 0.01 -0.54 -0.14 -0.12 -0.3 
22 hmzx24 20 -3.5 -0.37 -0.41 0.29 -1.4 0.81 -1.4 0.48 
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Table 6-3: Annual average UK wet deposition % changes for the year 2000. The bold red 





so, NHSO, H2SO4 NH HNO3 NH4NO, NO 3 
I VVN0 2 33 -1.0 0.86 2.4 -0.29 -1.1 -2.6 -1.8 
2 VdV cgSO7 100 1.7 -7.5 1.7 
-1 - 1.1 -11 -2.9 
3 dDry 50 -3.6 -1.6 -2.4 0.1 -0.64 0.79 -0.02 
4 R 100 -0.4 5.3 -3.4 19 	j -4.6 6.1 -0.11 
5 zo 10 -1.0 0.72 2.5 -0.77 0.39 -0.97 -0.22 
6 vWjnd 20 -0.03 0.43 -0.28 1.42 -0.37 0.48 -0.01 
7 100 81 19 32 56 31 24 
8 SJJ 100 -0.41 6.8 7.6 0.54 -3.8 5.7 5.6 
9 rrN003 20 -1.0 0.76 2.5 -0.52 0.31 -0.88 -0.22 
10 rrNO,O 30 0.01 -0.13 0.08 -0.32 1.2 2.2 
11 equilC 100 -0.01 0.23 -0.2 1.2 5.0 -8.2 0.12 
12 FPh0, 40 -0.04 0.25 -0.09 0.43 -3.3 -3.5 0.27 
13 FGToP 100 0.13 -1.1 0.52 -2.5 1 -4.5 
14 rrNOOH 70 0.47 -2.7 1.1 -4.8 41 39 -1.6 
15 
peroxD 40 -0.83 0.1 3.2 -0.02 0.29 -0.36 0.01 
16 emitNH 3 30 -1.0 1 3 -8.4 -9.3 -0.24 
17 emitNO x  20 0.07 -0.33 0.09 -0.19 7.5 2.8 5.5 
18 emitSOx  40 24 2.4 19 1.6 1.9 -2.8 -0.2 
19 wspeed 10 -23 -1.3 -8.9 -10 -18 -9.7 -8.3 
20 K 100 -4.9 13 -1.8 -7.4 7.2 0.52 
21 hg 20 0.2 0.1 1.26 .0.1 0.1 0.09 0.01 
22 hmLx24 20 -9.7 -3.2 1.1 -6.3 -2.6 0.32 -4.5 
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Table 6-4: Annual average UK dry and wet deposition % changes for the year 2000. The bold 






NH,, NO SO NH,, NO SO, 
I VV.W0 2 33 -0.23 19 -1.1 0.07 -1.8 1.1 
2 Vd VSO. 100 0.17 -0.01 -0.23 0.02 -2.4 
3 dDry 50 24 3.4 2.2 42 -3.4 -2.5 
4 R 100 -22 -0.26 -0.4 II 0.15 0.57 
5 4 10 -0.13 -0.98 -1.05 -0.02 -0.25 1.1 
6 vWind 20 -1.6 -0.02 -0.03 0.81 0.01 0.04 
7 A j 100 -4.4 -3.2 -5.9 32 23 
8 Sff 100 -0.09 -0.57 -0.55 4.3 4.8 5.6 
9 rrNOO 20 -0.26 -0.98 -1.1 0.11 -0.25 1.1 
10 rrN0203 30 -0.02 -1.8 0.01 0.04 15 -0.02 
11 equilC 100 0.33 1.2 0 -0.25 -0.33 0.01 
12 FPh0, 40 0.05 -1.8 -0.03 -0.06 -0.41 0.05 
13 FGToP 100 -0.16 0.72 0.12 0.3 -0.46 -0.18 
14 rrNO,OH 70 -0.62 0.96 0.31 0.73 6.1 -0.52 
15 peroxD 40 -0.02 0 -0.49 0.01 -0.01 1.2 
16 emitNH3 30 32 -0.58 -1.1 25 0.31 1.5 
17 emilNOx  20 -0.06 3.4 0.04 0.04 5.4 -0.08 
18 emitSO x  40 -0.46 -1.4 15 0.31 -0.28 14 
19 Wspeed 10 -8.9 -6.3 -2.8 -5.6 -9.3 -9.0 
20 Kmax  100 2( 40 7.6 14 0.55 3.3 
21 h,,, 20 0 -0.48 -4.1 0.01 0.01 0.6 
22 hmix24 20 0.26 -1.2 -3.3 4.0 -3.9 -2.8 
-119- 
Chapter 6 	 FRAME model performance 
In general the relative changes in deposition are not closely related to the 
relative changes in parameter values. From the sensitivity analysis data it is apparent 
that a number of parameters do not have a strong influence in determining wet or dry 
deposition. 
Parameters with increments that result in changes to deposition of less than 10% 
for all species can be categorised as 'not strongly influential' for the UK dry and wet 
deposition. These include: the roughness length, the surface wind-speed, the reaction 
rate of NO with 03, the dissociation rate of NO 2 , the hydrogen peroxide production 
rate, the seeder-feeder enhancement factor, the NO emission rate, the mixing layer 
height and the sensible heat flux. However, the seeder-feeder has strong locally 
influence (i.e. mountain terrain). 
An increase in the dry deposition velocity of a particular chemical species is 
found, as expected, to influence the mass dry deposition rate for that species (i.e. 
NO2 and SO2) strongly. However, the changes in mass deposition are significantly 
less than the changes in dry deposition velocity (i.e. a 33% increase in NO 2 dry 
deposition velocity leads to a 24% increase in NO 2 dry deposition and a 100% 
increase in SO2 dry deposition velocity leads to an increase in SO2 dry deposition of 
only 36%). The canopy resistance R and the vegetation roughness length z0 are used 
to determine the deposition velocity of NT-I 3 . A 100% increase in R was found to 
result in a 23% decrease in ammonia dry deposition with the z0 uncertainty found to 
have only a small influence on dry deposition of NH 3 . 
The large uncertainty in wet scavenging ratio of 100% was found to be 
associated with relatively large changes in wet deposition of the soluble species 
(81% for SO2, 56% for NH3, 32% for H 2 SO4 and 31% for HNO 3 ). Variation of the 
reaction rate for the oxidation of NO to NO 2 by 03 appears not to affect the results 
significantly whereas a 30% increase in the rate of oxidation of NO 2 by ozone leads 
to a 21% increase in the deposition of the large nitrate aerosol. The uncertainty in the 
equilibrium constant equilC has an important influence on the uncertainty in dry 
deposition of the ammonium nitrate aerosol. The gas to particle conversion rate 
FGToP uncertainty leads to a 24% change in dry deposition of the ammonium nitrate 
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aerosol. The reaction rate of NO2 with the hydroxyl radical is shown to play a strong 
role in determining the dry deposition of nitric acid and ammonium nitrate. Emission 
factors are found to be important in determining wet and dry deposition of ammonia 
and oxidised sulphur. Only a 10% variation was applied to the wind speed. However, 
this was sufficient to effect significant changes in the deposition budgets, which were 
highly species dependent. Similarly, changing the maximum vertical diffusivity 
caused significant changes to the deposition of the chemical species, some positive 
and others negative. 
The changes to wet and dry deposition for reduced nitrogen, oxidised nitrogen 
and oxidised sulphur, which are the variables relevant for calculations of exceedance 
of critical loads as shown in Table 6-4. It is interesting to note that for this table, 
certain chemical transformation parameters, which were important for the variation 
in deposition of individual species (i.e. EquilC, fl3ToP, rrN0 20H), are not of 
importance for deposition of combined species. This occurs because in the case of 
variation of the equilibrium constant, for example, an increase in deposition of nitric 
acid is offset by a decrease in deposition of ammonium nitrate aerosol. The most 
important variables are the deposition velocities, washout coefficients, emission rates 
and the vertical diffusivity. 
This study shows two main results; firstly the parameters which mostly affect 
the FRAME model prediction are Km and 4, and therefore they must be carefully 
chosen. Secondly, with the exception of dDry and rrNO20H (dry deposition, Table 
6-2 ) and zi (wet deposition, Table 6-3), the FRAME model response was always 
within 50% of the applied perturbation of the various model parameters. 
All parameters included in this study where incremented from the default values 
used in the FRAME model, therefore considering the magnitude of the change in dry 
and wet deposition of the various species shown in Table 6-2 and Table 6-3, an 
estimate of the overall model uncertainties of ±50% is reasonable. The assumption is 
made that a similar effect would occur if the parameter were decreased. 
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6.3 FRAME model comparison with observations 
6.3.1 Ammonia - FRAME versus observations from the UK National Ammonia 
Monitoring Network 
Ammonia surface air concentrations predicted by the FRAME model version 
5.3 are compared to the observations from the UK national ammonia monitoring 
network. More information about this monitoring network can be found on 
www.edinburgh.ceh.ac.uk/cara/UKNAMN/uknamn.htm . Ninety four measurement 
sites of the UK national ammonia monitoring network are included in this study and 
shown in Figure 6-2. This network was set up in 1996 for NH 3 and was extended in 
1999 to other species also including N1-L and SO2 (Sutton etal., 2001). 
Figure 6-3 shows the FRAME model predicted surface concentrations versus 
observations. The FRAME model is able to predict the whole range of ammonia 
concentrations observed. The regression analysis shows a good correlation between 
model predictions and observations. Ammonia emissions have a high spatial 
variability, as shown in Chapter 4, and are mainly emitted close to the ground; 
therefore the concentration signal is expected to be similar to the emission signal. 
Therefore the model can not predict the exact concentration at a specific location 
because of the horizontal resolution. Figure 6-4 shows the correlation between 
FRAME model ammonia predictions and observations to the 5 x 5 kM
2  ammonia 
emission estimate. The FRAME model predictions are highly correlated to the 
emissions (R2  = 0.86) where in contrast the observations have a much weaker 
correlation to the emissions (R 2 = 0.46). This highlights the difficulties in predicting 
ammonia concentrations well at a specific observation site location. A way to 
improve this is to increase the horizontal resolution of the model; however due to a 
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Figure 6-2: UK National Ammonia Monitoring Network 94 sites used for the comparison with 
FRAME model predictions. 
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Figure 6-3: FRAME model predictions for NH 3  surface concentrations (1999 emissions) vs. 15K 
National Ammonia monitoring Network measurements (1998-2000 averaged). Units are pig m 3. 
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Figure 6-4: FRAME model 	predicted 	NH3 	surface concentrations 	(orange, 	1999) 	and 
observations from the UK national ammonia monitoring network (green, 1998-2001) versus the 
NH3 5 x 5 km 	emissions estimate. Units are: concentrations pig m 3 and emissions in 
kg N ha' y. 
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An attempt is made here to include the sub grid variability of observed 
concentrations in the model validation. The estimate of the observed concentrations 
spatial variability due to sub-grid variability can be derived from Figure 6-1. An 
estimate of ±50% for the observation sub-grid variability is used here. This is 
indicative of the spatial ammonia variability of observations when extended to a 5 x 
5 km2  grid square. However the errors uncertainties are likely to be within 7% (Sim 
Tang, CEH Edinburgh, personal communication). Both model variability and 
observation variability are summarised in Figure 6-5. The error bars shown in Figure 
6-5 represent the sub grid variability of the observations and the FRAME model 
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observation (Wg rn') 
Figure 6-5: FRAME model predictions for NH 3 surface concentrations (1999 emissions) vs. UK 
National Ammonia monitoring Network measurements (1998-2000 averaged). Units are jig m 3 . 
Note: The error bars for the x-axis indicate the estimated variability of observed concentrations 
within a 5 x 5 km2  grid square and the error bars for the y-axis indicate the variability of the 
FRAME model predictions due to ammonia emission uncertainties of ±20% and 
parameterisation uncertainties with an associated model prediction variability of ±50%. 
The land-use in which observation sites are located also influence the 
observation concentration if extended to an entire grid square. To understand this 
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relationship better a more detailed analysis of the site-by-site comparisons is made. 
The immediate surroundings of an individual observation site may experience 
relatively high or low emission when compared with the average for the 5 x 5 km2 
grid square in which it resides. 
It is possible to characterise each observation site with the land-use in which 
they are located. To do this the necessary information has been provided by personal 
communication with Mark Sutton and Sim Tang (CEH Edinburgh). Sim Tang is the 


























Low s/n vegetation 
• Mixed agricultural 
• Woodland 
- Linear (Mixed agricultural) 
Linear (Low s/n vegetation) 
- Linear (Woodland) 
0 	 2 	 4 	 6 	 8 	 10 
Measured NH 3 surface concentration (pg m) 
Figure 6-6: FRAME NH3 predictions versus UK National ammonia monitoring network. Units 
are 11g  m3. 
Observation sites of the UK national ammonia monitoring network are then 
grouped into three categories representative of: mixed agricultural, low semi natural 
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model predictions and the site observations for a specific land-use. A summary of 
regression analysis for each of land-use is shown in Table 6-5. 
Th1e 	ciimmrv nf the reoreccinn inalvsic made for the different land-use tvnes. 
Land-use R2 Slope Intercept 
Mixed agricultural 0.58 1.04 1.32 
Low sin vegetation 0.84 2.05 0.36 
Woodland 0.91 1.61 0.43 
. Mixed agricultural 
This category represents a mixture of arable, grassland and urban land-use. 
Figure 6-6 shows a good correlation between FRAME model predictions versus 
observations from mixed agricultural land-use. In this case the slope is 1.04 and R 2 is 
0.58 with an intercept of 1.32. Figure 6-7 shows the FRAME model predictions, 
observations and emissions at each observation site location representative for mixed 




Figure 6-7 : Ammonia concentrations predicted by the FRAME model (green bar) and 
Observations from the UK national ammonia monitoring network (orange bar) only for the site 
representative for mixed agricultural land-use; units are ig m 3. The blue line represents the 
ammonia emissions used by the FRAME model; units are kg N hi' y'. 
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• Low semi-natural vegetation 
Low semi-natural vegetation includes land-uses such as moor land and semi 
natural grassland. Figure 6-6 shows the correlation between FRAME model 
predictions versus observation sites which are located in low semi-natural vegetation 
land. In this case the slope is 2.05 and R 2 is 0.84 with an intercept of 0.36. The 
FRAME model overestimates the concentrations in low semi-natural vegetation land-
use by a factor of two. Figure 6-8 shows the FRAME model predictions, 
observations and emissions at each observation site location representative for low 
semi natural vegetation land-use. 
60r 	 - 	 - 	 12 
Observation site concentration 
504— 	 10 
FRAME concentration 
-- Ammonia emissions 
0' •- — --- 	— — — — 	 — 	—, —, —. — —, — — 	0 
0) 
or 
Figure 6-8 : Ammonia concentrations predicted by the FRAME model (green bar) and 
Observation from the UK national ammonia monitoring network (orange bar) only for the site 
representative for low semi natural vegetation land-use; units are jig m 3. The blue line 
represents the ammonia emissions used by the FRAME model: units are kg N ha -1 y. 
• Woodland 
Woodland includes land-uses such as forest. Figure 6-6 shows the correlation 
between FRAME model predictions versus observation sites which are located in 
woodland. In this case the slope is 1.61 and R 2 is 0.91 with an intercept of 0.43. The 
FRAME model overestimates the concentrations in woodland land-use by a factor of 
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1.6. Figure 6-9 shows the FRAME model predictions, observations and emissions at 
each observation site location representative for woodland land-use. 
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Figure 6-9: Ammonia concentrations predicted by the FRAME model (green bar) and 
Observation from the UK national ammonia monitoring network (orange bar) only for the site 
representative for woodland land-use; units are ig m 3. The blue line represents the ammonia 
emissions used by the FRAME model; units are kg N hi' y'. 
The FRAME model predictions are not comparable in a straightforward way 
with observations. As shown above, the FRAME model overestimates the 
concentrations at the observation sites which are representative of low semi-natural 
and woodland by a factor of 2 and 1.6, respectively. The correlation between 
FRAME model predictions and observations for low semi-natural and woodland 
have a very high correlation coefficient R 2 of 0.84 and 0.91, respectively. This is 
suggesting that the FRAME model could predict the concentrations at these locations 
better if the emissions used were compatible with the emissions at the observation 
site location. As shown in Figure 6-4, Figure 6-7, Figure 6-8 and Figure 6-9 the 
FRAME model ammonia concentration predictions are highly correlated to the 
emissions. Average emissions for the grid square are not always representative for 
the observation site locations; it is therefore interesting to assess the model 
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performances if this bias is removed by dividing by a factor of 2 and 1.6, 
respectively, for observation sites in natural reserve and woodland, respectively. 
Figure 6-10 shows the FRAME model comparison with observation sites 
representative for mixed agricultural (FRAME unchanged), low semi-natural 
vegetation (FRAME predicted ammonia concentrations at these locations divided by 
a factor of 2) and woodland (FRAME predicted ammonia concentrations at these 
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Figure 6-10: FRAME model predicted surface ammonia concentration; low semi natural 
vegetation concentration divided by 2, woodland concentration divided by 1.6, mixed 
agricultural unchanged. Units are tg m 3 . 
Ammonia is a complex pollutant to model; large sources of uncertainties are 
found in both model prediction and observations. Moreover, it is not realistic to 
expect to find a perfect correlation between model predictions and observations as 
the FRAME model horizontal resolution is too coarse to predict concentrations at a 
specific location. To do so a finer scale model is therefore required. However, the 
complication in reducing the horizontal resolution is that not all necessary 
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information is available and/or the parameterisations used in the model may be no 
longer a realistic approximation when the resolution increases. 
6.3.2 Nitrogen Dioxide - FRAME versus UK Acid Deposition Network and the 
DEFRA Automatic Monitoring Network. 
Two measurement observation networks are currently available for NO2, the 
UK Acid Deposition Network (rural network) and the automatic monitoring stations 
(urban network). The location of each site included in this study for both networks is 
shown in Figure 6-11. 
The observations for the year 1998, 1999 and 2000 have been recently included 
in the FRAME model validation dataset and are now also included in this study. The 
average of 1998, 1999 and 2000 is now used to compare the 1999 FRAME model 
predictions where in previous chapters the average from 1995 - 1997 was used. 
The FRAME model predictions have a very good correlation to the observations 
from the UK Acid Deposition Monitoring network as shown in Figure 6-12. 
However, at the observation site 5127 location the FRAME model highly 
overestimates the surface NO 2 concentration. This site is located in a relatively 
remote area, but the Ml motorway is within the same 5 x 5 km2 grid square; 
therefore the grid emissions are high. Figure 6-13 shows the same comparison as in 
Figure 6-12 but without site 5172. This is a similar problem for ammonia when the 
FRAME model predictions are compared with observations. 
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Figure 6-11: UK Acid deposition network which is mainly located in rural areas (red dots) and 
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Figure 6-12: NO 2  FRAME modelled surface concentrations (1999 emissions) vs. UK Acid 
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Figure 6-13: NO 2  FRAME modelled surface concentrations (1999 emissions) vs. UK National 
Acid Deposition Monitoring Network measurements (1998-2000 average) (rural network). 
Note: the site 5127 has been removed. Units are pig n' 3 . 
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The FRAME model predictions correlate poorly with observations from the 
automatic monitoring stations, in contrast to the correlation to the UK acid deposition 
observations, as shown in Figure 6-14. The sites of this network are not uniformly 
distributed across the UK and are mainly concentrated in urban areas (Figure 6-11). 
The automatic monitoring stations are grouped in the following categories: 
kerbside, roadside, rural, sub-urban, urban background, urban centre, and urban 
industrial. Figure 6-15 shows how the observations disaggregate according to 
category versus FRAME model predictions. An interesting distribution of 
concentrations can be seen in the observations from the automatic monitoring 
stations: urban (centre, background, sub-urban, and industrials) -40 jig m 3 , 
roadside/kerbside -60 jig m 3 , and rural --20 jig m 3 . 
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Figure 6-14: NO 2 FRAME modelled surface concentrations (1999 emissions) vs. Automatic 
Network Monitoring Stations 1999 (urban network). Units are tg m 3. 
where as the FRAME model predicts a wider range of concentrations varying from 
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As for ammonia, NO emissions are emitted close to the surface as 
transportation accounts for 60% of the total NO N ; therefore the FRAME model 
predictions are expected to be strongly correlated to the emissions. 
Figure 6-16 shows the FRAME model predictions are strongly correlated to 
NO emissions with an R 2 of 0.89 whereas the observations from the automatic 
monitoring stations are correlated with an R 2 of only 0.31. This explains why the 
FRAME model is not able to capture the concentrations in urban areas. In urban 
terrain the complexity of the air flow can not be modelled by the FRAME model. To 
model the concentrations in urban areas a much finer model resolution is required 
where obstacles such as buildings, roads and bridges need to be modelled to predict 
the concentrations well (Vardoulakis et al., 2003). However, the comparison with the 
UK Acid Deposition Monitoring network shows that the FRAME model is able to 
capture the range of concentrations in areas outside urban land-use were the nitrogen 
level is important in calculating the critical loads of nitrogen for endangered 
ecosystems. Moreover, the FRAME model predictions agree well with the rural 
stations (orange squares, Figure 6-15). 
The transport related NO emissions are injected into a layer of 1 m thickness 
(1 - 2 m) as shown in Chapter 4, section 4. This injection height is probably too low 
and not representative of all the range of vehicles; therefore the FRAME model 
predictions can overestimate the NO 2 surface concentration. A layer of 5 m thickness 
(1-6 m) is chosen to perform a test on the injection height. The preliminary results 
using the new injection layer show a better agreement between the FRAME model 
predictions and the automatic network urban sites observations. 
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Figure 6-15: Urban desegregation of the NO 2 FRAME modelled surface concentrations 
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Figure 6-16: FRAME model predicted NO 2 surface concentrations (green, 1999) and 
observations from the automatic monitoring network (orange, 1998-2001) versus the NAEI NO 2 
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Figure 6-17, Figure 6-18, Figure 6-19 and Figure 6-20 shows the automatic 
monitoring stations for urban centre, urban background, urban industrial and 
suburban site, respectively: the observation (orange bar), the FRAME model 
prediction (green bar) and NO emission (blue line). These figures also show how the 
FRAME model predictions are following the emission signal where the observations 
do not vary much. As introduced above the value of observed NO2 concentrations for 
the urban centre category is 40 p.g m 3 , whereas the FRAME model has peaks up to 
200 .tg m 3 (London). 
Figure 6-21 shows for each roadside/kerbside site of the automatic monitoring 
network: observation (orange bar), the FRAME model prediction (green bar) and 
NO emission (blue line). In contrast to the urban areas the FRAME model is better 
able to capture the roadside range of concentrations. 
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Figure 6-17: NO 2 concentrations predicted by the FRAME model (green bar) and observation 
from the automated monitoring network (orange bar) only for the site representative for urban 
centre; units are tg m 3. The blue line represents NAEI NO, emissions used by the FRAME 
model; units are kg N hi' y4 . 
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Figure 6-18: NO 2 concentrations predicted by the FRAME model (green bar) and observation 
from the automated monitoring network (orange bar) only for the site representative for urban 
background; units are xg m 3. The blue line represents NAIEI NO,, emissions used by the 
FRAME model; units are kg N ha' y 1 . 
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Figure 6-19: NO 2 concentrations predicted by the FRAME model (green bar) and observation 
from the automated monitoring network (orange bar) only for the site representative for urban 
industrial; units are tg m 3. The blue line represents NAEI NO, emissions used by the FRAME 
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Figure 6-20: NO 2  concentrations predicted by the FRAME model (green bar) and observation 
from the automated monitoring network (orange bar) only for the site representative for sub 
urban ; units are tg m 3. The blue line represents NAEI NO,, emissions used by the FRAME 
model; units are kg N ha' y'. 
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Figure 6-21: NO 2 concentration predicted by the FRAME model (green bar) and Observation 
form the automated monitoring network (Orange bar) only for the site representative of 
roadside/kerbside ; units are ig m 3. The blue line represents NAEI NO,, emissions used by the 
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6.3.3 Sulphur dioxide - SO2 
As with NO2, two measurement observation networks are currently available for 
SO2, namely the UK Acid Deposition Monitoring network (rural network) and the 
automatic monitoring network (urban network). The location of each site included in 
this study for both networks is shown in Figure 6-11. 
Thanks to the introduction of the plume rise for high stack emissions 
(chapter 4, section 3) the FRAME model predictions agree very well with the 
observations as shown in Figure 6-22. 
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Figure 6-22: SO 2  FRAME modelled surface concentration (1999 emissions) vs. UK Acid 
Deposition Monitoring Network measurements (1998-2000 averaged) (rural network). Units are 
jig m 3 . 
The FRAME model is able to capture the whole range of observed SO 2 
concentrations by the UK acid deposition network. 
The automatic monitoring station observations are also used as comparison to 
the FRAME model predictions and shown in Figure 6-23. For two sites, 150 
(Swansea) and 77 (London), the predicted SO2 concentration by the FRAME model 
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is substantially overestimated. However, without these two sites the FRAME model 
is able to capture the range of concentrations observed by the automatic monitoring 
stations (0 - 15 tg m 3 ). 
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Figure 6-23: SO 2 FRAME modelled surface concentration (1999 emissions) vs. Automatic 
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Figure 6-24: Urban disaggregation of the SO 2 FRAME modelled surface concentrations 
(1999 emissions) vs. automatic monitoring stations 1999. a) All range. b) Zoomed. Units are jig 
m 3 . 
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Figure 6-24 shows the urban desaggregation of the automatic monitoring 
stations. The FRAME model performs well when compared with the rural stations 
(orange squares, Figure 6-24) and as expected underestimates the concentrations in 
the city centre as usually power plants, which are the major source of SO2 are located 
away from the city centre. 
When the stack parameters are not available a set of default data are used by the 
FRAME model to calculate the plume rise of high stack emissions, but for some 
sources these data are probably overestimating the injection height of the point 
sources. This led the FRAME model to underestimate SO2 concentrations in areas 
close to point sources where the stack parameter is not available. 
At the present time the default value for the stack height (used when stack 
parameters are not available) for the FRAME model is set to 160 m. This has been 
tested using a set default stack height of 40 m. The preliminary results are 
encouraging showing better agreement between model predictions and observations 
of the automatic network. 
6.3.4 Aerosol ammonium, nitrate and sulphate surface concentration and wet 
deposition 
Aerosol ammonium surface concentration a) and wet deposition b) are shown in 
Figure 6-25. The FRAME model predicts the ammonium surface concentrations 
well, but with a slight underestimation. NIH in the model is only represented in the 
aerosol forms of NH4NO3 and (NH4)2SO4. The model is able to represent the wet 
deposition of NH4 well, only two sites (5119 and 5150, Figure 6-11), located in 
Wales, are highly overestimated by the FRAME model. 
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Figure 6-25: a) Aerosol NH 4  surface concentrations (1999 emissions) vs. UK National Ammonia 
Monitoring Network measurements (1998-2000 averaged). b) NH 4 '4' modelled wet deposition 
(1999 emissions) vs. UK Acid Deposition Network measurements (1999-2002 averaged). Units 
are jig m 3 . 
Aerosol nitrate surface concentrations a) and wet deposition b) are shown in 
Figure 6-26. Nitrate has a similar behaviour to ammonium. The FRAME model 
can predict the concentrations well, but with a slight underestimate. The model is 
able to represent the wet deposition of NO3 well, only one site (5150, Figure 
6-11), located in Wales is substantially overestimated by the FRAME model. 
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Figure 6-26: a) NO 3  modelled surface concentrations (1999 emissions) vs. UK National Nitric 
Acid Monitoring Network measurements (1999-2002 averaged). b) NO 3' modelled wet 
deposition (1999 emissions) vs. UK National Acid Depostion Monitoring Network measurements 
(1995-1997 averaged). Units are tg m 3 . 
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Aerosol sulphate surface concentrations a) and wet deposition b) are shown in 
Figure 6-27 and Figure 6-25, respectively. Sulphate concentrations are represented 
well in the FRAME model. This is also due to the good emissions inventory of SO2 
and the relatively simpler sulphate chemistry compared to the nitrate chemistry. The 
model is also able to represent the wet deposition of sulphate well, only two sites 
(5119 and 5150, Figure 6-11), located in Wales, are substantially overestimated by 
the FRAME model. 
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Figure 6-27: a) S0 4 2 modelled surface concentrations (1999 emissions) vs. UK National Nitric 
Acid Monitoring Network measurements (1999-2002 averaged). b) S0 42 modelled wet 
deposition (1999 emissions) vs. UK National Acid Depostion Monitoring Network measurements 
(1995-1997 averaged). Units are gg m 3 . 
6.3.5 Nitric Acid — HNO3 
FRAME predicted HNO 3 is interesting because it highlights the necessity of 
revising FRAME's chemical scheme. Figure 6-28 shows how the FRAME model 
extensively underestimates the HNO 3 surface concentrations. This suggests that the 
FRAME chemical scheme (Barrett et at., 1995) poorly represents HNO 3 formation; 
however this seems to be a common problem for ATMs. A previous version of the 
FRAME model (Fournier et al., 2004) underestimated the HNO 3 surface 
concentrations having a correlation slope of —0. 16. Since then, a better estimate of 
the HNO3 scavenging coefficient has been introduced by Anthony Dore (CEH 
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better. However FRAME still underestimates HNO3 surface concentrations by —75%, 
especially for the 1.5 - 2 j.tg m 3 range of concentrations. The FRAME model seems 
to predict the HNO3 surface concentrations well in the range of 0 - 1 jig m 3 . It is 
also possible that a source of HNO3 is missing. The chemical scheme used in the 
FRAME model is currently under revision. The parameterisation of the formation of 
radical and coarse particles of NO 3 and then the interaction with ammonium nitrate 
may be the cause of the underestimation of HNO3. 
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Figure 6-28: HNO 3  FRAME calculated surface concentrations (1999 emissions) vs. UK National 
Nitric Acid Monitoring Network (1999-2002 averaged). 
6.4 Conclusions 
Model uncertainties are generally very difficult to estimate, but sensitivity 
analysis can provide an estimate of model prediction uncertainties. A sensitivity 
study was conducted with the FRAME model to investigate the influence on wet and 
dry deposition of the 22 most important parameters used to parameterise various 
processes. 
The parameter increments were selected to correspond approximately to their 
limits of uncertainty. Certain parameters, when increased, were found not to have a 
strong influence on the results. These included: the roughness length, the surface 
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hydrogen peroxide production rate, the seeder-feeder enhancement factor, the NO 
emissions rate, the mixing layer height and the sensible heat flux. For dry deposition, 
the most significant parameters were the deposition velocities (or the canopy 
resistance for ammonia). Additionally the gaseous emission rates and the vertical 
diffusion rates were found to be sensitive parameters influencing dry deposition. For 
wet deposition, the washout coefficients were responsible for introducing the greatest 
changes. 
The sensitivity of the FRAME model deposition has been calculated 
independently for each parameter. In general this assumption can not be made and a 
more rigorous approach is required to explicitly calculate the model uncertainties. 
This will imply to run the model 22! (22 factorial) times instead of the 22 runs made. 
Moreover, the aim of this study was providing an estimate of the uncertainties of the 
FRAME model predictions and not a full analysis of error estimates. 
The results of this study suggest that, in order to reduce the uncertainties in 
estimates of deposition of nitrogen and sulphur, for a model such as FRAME, 
improved estimates of dry deposition velocities of gaseous species and their emission 
rates are important. Improved estimates of washout rates are important for reducing 
uncertainties in wet deposition. In general however, the various atmospheric 
chemical reaction rates were found to be less important in controlling deposition 
rates. 
The FRAME model predicts well surface concentrations of NO 2 and SO2 but 
slightly overestimates by about 20% the surface concentrations of NH3. The 
sensitivity analysis indicates the diffusivity coefficient km as one of the most 
important parameters used in the FRAME model. At the present time km is calculated 
using a simple parameterisation (chapter 2, section 3) and it is probably 
underestimated at the surface. An attempt to use better values for km near the surface 
is made using a measurements-derived km (Famulari, 2005) and shown in appendix 
A. 
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The estimate for FRAME model variability due to model parameterisation of 
predicted dry and wet deposition is likely to be within ±50%. This variability needs 
to be accounted for when the FRAME model predictions are compared with other 
model predictions or observations. However, these uncertainties cannot be used as a 
rigorous uncertainty estimate. 
The FRAME model predictions are compared with various observation 
networks. The FRAME model performs well when compared with surface 
observations. However, the differences between model estimate (gridded values) and 
observations (point measurements) made this comparison not always a fair test for 
both model and observations. 
When observations are used to validate an ATM, the observation sites have to 
be representative of the entire grid square which is modelled by the ATM. A large 
volume of information is necessary to critically analyse the model performance 
versus the observation network. Two main factors are found to be important in 
characterising observation sites: firstly the land-use in which they are located and 
secondly the correlation between the observations and the emissions. 
-147- 
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7.1 Introduction 
Policymakers require a tool to verify the effectiveness of any hypothetical 
emission reduction scenario. Unfortunately, in real life only one policy at a time can 
be applied; therefore simulations are required to quantify and verify the effect of a 
specific emission reduction scenario. ATM simulations can help the policymaker to 
choose the most effective way to tackle a particular pollution problem. Most ATMs 
are not suitable to do this because they are too complex and therefore too slow for 
the use policymakers need. The FRAME model is very versatile, and with a run time 
for an entire simulated year of less than 20 minutes (on a 120 - 1 GHz processor 
Linux cluster computer), can perform quick but accurate predictions of present and 
future emission scenarios at a resolution of 5 x 5 km2 . 
The FRAME model's short run time gives the possibility of multiple runs in one 
working day. This capability should not be underestimated. Although the FRAME 
model is a very fast model, its performance is good when compared with 
observations, as shown in Chapter 6 section 2, making it a suitable tool for 
policymakers. 
The FRAME model's major limitation is not being able to capture pollutant 
events which may occur during the year. The FRAME model uses a statistical 
approach for the meteorological data, such as wind rose and temperature; therefore it 
can not be applied to single pollution events on a small timescale (days). For such 
applications a 'real' meteorological driven model is required. 
At the present time, in parallel with the FRAME model development, a UK 
application of the EMEP model is also under development (Vieno et al., 2005). This 
EMEP model application is called EMEP4UK. A major problem of such models is 
that for an entire simulated year the run time can be up to 20 days on the same 
machine used to run FRAME (runtime 20 minutes). Preliminary results of the 
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EMEP4UK model are shown in Appendix C. CEH Edinburgh and the Institute for 
Atmospheric and Environmental Sciences of the University of Edinburgh (JAES) are 
also working on applying the CMAQ model to the UK (Anna Pederzoli, School of 
GeoSciences, University of Edinburgh). The EMEP4UK model is designed to use 
different meteorological drivers, also including the MM5 community model from 
PSU/NCAR. This will allow model intercomparisons between the EMEP4UK and 
the UK application of the CMAQ sharing the same meteorological driver. 
A typical application of the FRAME model is shown here, to investigate 
deposition footprints of each emitted pollutant (for FRAME these are NH3, SO, and 
NO,), which required 132 simulations. The overall run time for the 132 simulations 
was 2.5 days. This project was commissioned by the Environmental Agency with the 
analysis conducted for two years, 2003 and 2010. Clearly for such applications, the 
model run time is critical. As the most interesting deposition footprints are for SO, 
high stacks, the work shown here is mainly focussed on such sources. 
The FRAME model outputs are also used here to estimate the critical load 
exceedances of acidity and nitrogen nutrients. The 1999 FRAME model predicted 
deposition for NH,, NO and SO are used. The critical loads calculated using the 
FRAME model results are compared with the UK base dataset that use results of the 
CDEP model (Hall et al., 2004). For a complete study the year 1996 and a forecast 
for the year 2010 should also be included in order to better asses differences between 
CDEP derived exceedances and FRAME model derived exceedances. Critical load 
calculations are made by CEH Monkswood; the necessary time required to perform 
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7.2 Footprints of the major SO2 high stack emissions in the UK 
The FRAME model version 5.3 was used to estimate the sulphur and nitrogen 
deposition across the United Kingdom for each a total of 132 different sources; 1 - 
118 are individual point sources for SO2 and NO N, 119 all the remaining SO2 and 
NO point sources (766), 120 - 128 emissions from different emissions sources 
(Energy production and transformation; Commercial, institutional and residential 
combustion; Industrial combustion; Industrial Processes; Production and distribution 
of fossil fuel; Road transport; Other Transport; Waste treatment and disposal), 129-
130 Ammonia emission from livestock, fertiliser and non-agricultural source, 131 
SO2 emissions from shipping and finally 132 all imported 'background' emissions. 
The method used to calculate the deposition footprint for each source consists of 
running a baseline simulation for the year 2003 and 2010 and then a series of 132 
simulations for each point source for each year using the same FRAME model 
configuration, but the emissions from each specific source were removed from the 
emissions inventory. A summary of the sources included in this study and the 
conversion factor used to convert the 2003 gridded emissions to those appropriate for 
2010 for each Selected Nomenclature for Air Pollution (SNAP) code is shown in 
Table 7-1. 
To calculate the dry and wet deposition footprint of a specific source, equation 
(7-1) is applied to each grid square of the FRAME model domain. 
(Footprint) i = (Base run) 1  - (Source run) 1 	 (7-1) 
where i andj are the coordinates of each grid square of the FRAME model domain (i 
= 1 - 172,j = 1 —244). 
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Table 7-1: Simulation numbers for specific sources and the factor to convert the emissions for 
the ver 2001 tn the 2010 estimate. -- 




0 Baseline simulation All emissions included 
New emissions for 30 point sources 
1 - 118 Major point sources and SNAP abatement for the 
remaining. 
119 Other point sources SO2 = 0.96. NO= 0.99 
SNAP sector 1 
120 SO2 = 0.36, NO = 0.76 
(Energy production. and transformation) 
SNAP sector 2 




SNAP sector 3 
SO2 = 0.96. NO = 0.99 
cz 
(Industrial combustion) 
SNAP sector 4 
O 123 S02 = 1.36, NO, = 1.79 
t/D (Industrial process) 
SNAP sector 5 
124 S02 = 1.00, NQ= 0.71 
(production and distribution fossil fuel) 
SNAP sector 6 
125 SO2 = 1.00, NQ = 1.00 
(Solvents) 
SNAP sector 7 
126 S02 = 1.00, NO,, = 0.56 
(Road transport) 
SNAP sector 8 
127 SO2 = 0.89, NO = 0.88 
(Other transport) 
128 Livestock NH3 = 0.96 
129 Fertiliser NH3 = 0.96 
z 
130 Non-agricultural NH3 = 0.96 
131 Shipping S02  = 1.00 
132 Imported background SO2 = 0.58, NO = 0.78, NH 3 = 0.96 
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An example of a footprint calculation, the 2010 dry and wet deposition 
footprint for the point source number 24 Cottam is shown in Figure 7-1 and 
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Figure 7-1: 2010 SO 2 FRAJME dry deposition: a) baseline simulation, b) baseline without the 
point source 24 Cottam and c) is the results of a) minus b). Note: a) and b) use a different scale 
to c). Units are kg S ha' y'. 
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Figure 7-2: 2010 SO 2 FRA\1E wet deposition: a) baseline simulation, b) baseline without the 
point source 24 Cottam and c) is the results of a) minus b). Note: a) and b) uses different scale to 
c). Units are kg S hi' y'. 
For this study it was critical to have a good database including all relevant 
information about the point sources. As shown in Chapter 4 section 3, the plume rise 
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of high stack emissions is critical for predicting the surface concentration of SO2 
well. 
A detailed inventory of emissions for individual point sources for the year 2003 
was provided by the Environment Agency, the Scottish Environmental Protection 
Agency and the Environment Heritage Service Northern Ireland. The database 
provided was very good, including the major high-stack point sources for the year 
2003, inclusive of all stack parameters required by the plume rise module used in the 
FRAME model. Unfortunately at the time of this study the NAEI emissions available 
for the remaining gridded emissions were for the year 2002 (NAEI). For each SNAP 
code a coefficient was applied to convert the 2002 NAEI emissions to a 2003 
emission estimate. NO snap code conversion factors used to convert 2002 NAEI to 
2003 emissions estimate are shown in Table 7-2. 
The choice made was to convert the 2002 NAEI emissions to 2003 (and not the 
2003 point sources) as this work was mainly focussed on the point sources. For 
ammonia, the 1999 emissions (CEH Edinburgh) have been converted to a 2003 
emission estimate using a correction factor of 0.89. 
Table 7-2: Correction factors used to convert the NAEI 2002 NO, emission to the year 2003 for 
each SNAP code. At the time the simulation were performed the official 2003 NAEI emission 
.,, 
Snap 1 	- 2 3 4 5 6 7 8 9 10 
Factors 1.0 1.0 1.0 1.0 1.0 1.0 0.89 0.94 1.1 0.54 
A sample of eight point source deposition footprints has been chosen and is 
shown here. This choice includes the strongest eight SO2 point sources (Figure 7-3) 
in the United Kingdom. The SO2 point sources are also well distributed across the 
entire UK as shown in Figure 7-4. 
The dry deposition footprints for SO (2003) of the point sources 24 and 35 are 
shown in Figure 7-5 part a) and b), respectively; source 116 and 40 are shown in 
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part a) and b), respectively; and sources 72 and 41 are shown in Figure 7-8 part a) 
and b) , respectively. 
A common feature of all dry deposition footprints is having low deposition in 
the area near the source. This is due to the elevated injection of SO 2 due to stack high 
and plume rise. Moreover, the distance that SO2 is transported before reaching the 
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Figure 7-3: The 2003 UK strongest eight SO 2 point sources which include the five of the 
strongest eight NO,, point sources. Units are percentile of the total SO 2 point sources emissions. 
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Figure 7-4: 2003 SO 2 point sources. Left map includes all point sources, right map shows the 
sample of eight point sources with the relative FRAME simulation number. Units are Gg S y'. 
Stack parameters are critical for calculating the footprint of a specific source 
and as an example the source 24 (Cottam) has similar annual emissions and stack 
height as source 35 (West Burton), but the shapes of the footprints are different near 
the source. Source 24 deposits on the ground further away if compared with source 
35. This is because the two sources have a different stack diameter; therefore the 
plume rise is higher for source 24 which has stack diameter of-12 in compared to —8 
m for source 35. Moreover, the horizontal size of the dry deposition footprint is also 
a function of the point source emission. 
The plume rise of the point sources is therefore critical for predicting the dry 
deposition well, and should be included in any ATM. Hence, a detailed database is 
also necessary to predict the shape and size of the footprint for each major source. At 
the present time when stack parameters are not available average values of stack 
height are used. 
SO, 2003 wet deposition footprints of the point sources 24 and 35 are shown in 
Figure 7-9 part a) and b), respectively; sources 116 and 40 are shown in Figure 7-10 
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part a) and b), respectively; sources 39 and 81 are shown in Figure 7-11 part a) and 
b), respectively; and sources 72 and 41 are shown in Figure 7-12 part a) and b), 
respectively. 
Generally, the wet deposition SO, footprints are not as sensitive as dry 
deposition to the stack parameters. However, SO, wet deposition seems to be very 
sensitive to orographic enhancement of wet deposition due to the seeder-feeder 
effect. The wet deposition process takes place along the entire air column; therefore 
it is less sensitive to emission injection height. 
The point sources located away from mountains have a smaller footprint than 
sources located near mountainous terrain. Source Longannet (116) is located near the 
Highlands; therefore the SO, wet deposition is even larger than source 24 which has 
stronger emissions as mountain terrains are very efficient in removing pollutants due 
to wet deposition (via the seeder-feeder mechanism) 
The results of this study suggest that the most important parameters affecting 
SO deposition footprints are stack parameters (stack height and diameter; plume exit 
velocity and temperature) for dry deposition and geographical location for wet 
deposition. 
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Figure 7-5: 2003 FRAME model predicted footprint of the dry deposition of SO for a) Cottam 
(24) and b) West Burton (35). Units are kg S ha' y'. 
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Figure 7-6: 2003 FRAME model predicted footprint of the dry deposition of SO for a) 
Longannet (116) and b) Eggborough (40). Units are kg S ha - ' y 1 . 
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Figure 7-7: 2003 FRAME model predicted footprint of the dry deposition of SO, for a) Drax 
(39) and b) Didcot (81) . Units are kg S ha - 'y- 
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Figure 7-8: 2003 FRAME model predicted footprint of the dry deposition of SO, for a) 
Kingsnorth (72) and b) Ferrybridge (41). Units are kg S ha' y. 
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Figure 7-9: 2003 FRAME model predicted footprint of the wet deposition of SO, for a) Cotta in 
(24) and b) West Burton (35). Units are kg S hi' y'. 
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Figure 7-10: 2003 FRAME model predicted footprint of the wet deposition of SO, for a) 
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Figure 7-11: 2003 FRAME model predicted footprint of the wet deposition of SO,, for a) Drax 
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Figure 7-12: 2003 FRAME model predicted footprint of the wet deposition of SO, for a) 
Kingsnorth (72) and b) Ferrybridge (41). Units are kg S ha' y'. 
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An emission scenario for the year 2010 is used here to investigate the effect of 
future scenario SO, deposition footprints. A summary of the 2003 and 2010 
emissions and FRAME predicted deposition is shown in Table 7-3. This emission 
reduction scenario should match the target of the UK national emissions directive for 
the year 2010. 
This 7..1, I fifil and Thlfl FRAME hiidot Srniree NF.TCEN a nd Environmental Aeencv. 
2003 FRAME budget (UK)  
NH NO SO,  
Gg N y - 1 Gg N y - ' GgSy 1 
Import 36.4 67.1 56.7 
Emissions 250.6 445.5 524.0 
Dry deposition 62.9 39.6 58.3 
Wet deposition 84.0 52.3 108.3 
Export 125.4 408.8 390.9 
2010 FRAME budget (UK)  
Import 34.4 52.0 49.9 
Emissions 239.3 352.5 368.2 
Dry deposition 61.0 31.4 42.2 
Wet deposition 78.9 41.4 89.4 
Export 119.8 322.3 268.3 











15 	 -- 
10-.- rt11jJJLIEOFENERGY West ORIon (No 
POWER)LTO 
)COTTAM 	 FOG) 
	cdc 
24 	 35 	 39 	~740 	 41 	 81 	 1,6  
Figure 7-13: 2003 eight strongest point sources of SO 2 green, 2010 emission reduction scenario 
applied to these point sources (SEPA, NAEI, Environmental Agency Environment Heritage 
Service Northern Ireland). Units are Gg y'. 
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The 2010 emissions scenario is derived from the 2003 emissions reduced for 
NH3 by 4.4%, NO by 20% and SO2 by 30%. For the point sources 24 and 35 the 
2010 deposition footprints are expected to be much smaller than the equivalent 
deposition footprint for the year 2003 as the emissions are -10 times smaller. 
SO, 2010 dry deposition footprints of the point sources 24 and 35 are shown in 
Figure 7-14 part a) and b), respectively; sources 116 and 40 are shown in Figure 7-15 
part a) and b), respectively; sources 39 and 81 are shown in Figure 7-16 part a) and 
b), respectively; and sources 72 and 41 are shown in Figure 7-17 part a) and b), 
respectively. 
As expected the footprint of source 24 and 35 substantially decrease following 
the emission reductions. Moreover, using the 2010 emissions reduction scenario 
made Longannet (116) the largest SO2 point source in the UK. 
SO, 2010 wet deposition footprints of the point sources 24 and 35 are shown in 
Figure 7-18 part a) and b), respectively; sources 116 and 40 are shown in Figure 7-19 
part a) and b), respectively; sources 39 and 81 are shown in Figure 7-20 part a) and 
b), respectively; and sources 72 and 41 are shown in Figure 7-21 part a) and b), 
respectively. 
Similar results to dry deposition are found for wet deposition. As stack 
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Figure 7-14: 2010 FRAME model predicted footprints of the dry deposition of SO, for a) 
Cottam (24) and b) West Burton (35). Units are kg S ha -1 y 1 . 
Figure 7-15: 2010 FRAME model predicted footprints of the dry deposition of SO : for a) 
Longannet (116) and b) Eggborough (40). Units are kg S hi' y'. 
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Figure 7-17: 2010 FRAME model predicted footprints of the dry deposition of SO, for a) 
Kingsnorth (72) and b) Ferrybridge (41). Units are kg S ha v'. 
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Figure 7-16: 2010 FRAME model predicted footprints of the dry deposition of SO 0 for a) Drax 
(39) and b) Didcot (81) . Units are kg S ha - ' y'. 
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gure 7-18: 2010 FRAME model predicted footprints of the wet deposition of SO, for a) Cottam 






Figure 7-19: 2010 FRAME model predicted footprints of the wet deposition of SO 0 for a) 
















Figure 7-20: 2010 FRAME model predicted footprints of the wet deposition of SO, for a) Drax 
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Figure 7-21: 2010 FRAME model predicted footprints of the wet deposition of SO,, for a) 
Kingsnorth (72) and b) Ferrybridge (41). Units are kg S ha' y ' . 
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7.3 Critical load exceedance for the year 1999 
The critical loads are defined as the amount of pollutant which exceeds the 
maximum level of acidity or nutrient nitrogen in a specific habitat (Hall et al., 
2004). 
Although acidification is a natural process, anthropogenic emission of 
sulphur and nitrogen enhance the rates of acidification which can exceed the level 
of which the soil is able to neutralise. Nitrogen also participates in the 
eutrophication of soil and fresh water. 
The calculation of critical load exceedance is made using equation (7-2). 
Exceedances = Deposition - Critical load 	 (7-2) 
The total nitrogen depositions (NO r and NHX) are used here to calculate 
exceedances for eutrophication, where for acidification SO is also taken into 
account. See http://critloads.ceh.ac.uk . 
The UK official critical load exceedance is at the present time calculated 
using the Concentration-based DEPosition (CDEP) maps (Smith et al., 2000) 
generated by interpolation of measurements of wet deposition and estimates of 
dry deposition using observed gas and aerosol concentrations. 
The results of the FRAME model version 5.3 simulation for the year 1999 
are used to calculate the critical load exceedances and these are compared to those 
from CDEP in Table 7-4 for both dry and wet depostion. The critical load 
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Table 74: Predicted dry deposition and wet deposition by the FRAME model for the year 1999 
and C1)FP mpaciirpmpnt dirivpd (1 99R-2000 averaped. FR.&MF. - CDFP (total denosition 
Ni-I. (Gg N y) NO (Gg N y ' ) SO, (Gg S y') 
FRAME CDEP FRAME CDEP FRAME CDEP 
Dry deposition 75 52 63 89 71 82 
Wet deposition 88 114 64 99 107 148 
Total deposition 163 166 127 188 178 230 
FRAME-CDEP - 3 - 61 - 52 
The UK acidity exceedarices and nutrient nitrogen exceedances obtained from 
the FRAME model are summarised in Table 7-5 and Table 7-6, respectively. These 
are generally lower than exceedances calculated from the CDEP output. Thus, the 
exceedances seem not to agree, especially for Montane habitats. 
The differences in the estimate of critical load exceedances between the 
FRAME model and CDEP can be explained by differences in total deposition of NO 
and SO,, as shown in Table 7-4. However, the good correlation between the FRAME 
model predictions and the observations gives enough confidence that the FRAME 
model is capable of predicting the surface concentration of pollutants, such as NH 3 , 
NOx and SO2 well; therefore the critical load exceedances are calculated here from 
the FRAME output. Nevertheless there is not a definitive way to assess which, 
FRAME model prediction or CDEP, is closer to reality. It is suggested here that the 
two predictions can be considered as a low and high estimate of exceedance 
providing an indication of uncertainties. The word 'range' is used in this section to 
indicate the differences between the critical load exceedances calculated from the 
FRAME model outputs and the CDEP outputs. 
Figure 7-22 shows the acidity exceedances for the UK (1999). The green bars 
show the average value between the FRAME model and CDEP predicted critical 
loads exceedances. The error bars represent the maximum and minimum value of 
exceedances of either the FRAME model or CDEP. For both acidity and nitrogen 
nutrient generally the higher value of exceedances is associated with the CDEP based 
prediction. Figure 7-23 shows the nutrient nitrogen exceedances for the UK. The 
orange bars show the average value between the FRAME model and CDEP predicted 
critical loads exceedances. 
51 no!z 
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Figure 7-22: Acidity exceedances for the UK calculated taking the average of the FRAME model 
predicted exceedances and the CDEP predicted exceedances. The error bars represent the max 
and min value of critical load exceedances, * indicates that FRAME based > CDEP based 
critical loads exceedances. Units are % of land where critical loads are exceeded. 















Figure 7-23: Nutrient nitrogen exceedances for the UK calculated taking the average of the 
FRAME model predicted exceedances and the CDEP predicted exceedances. The error bars 
represent the max and min value of critical load exceedances, * indicates that FRAME based > 
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Acidity exceedance range for the UK can be as high as 70%, i.e. Montane 
habitats. Nutrient nitrogen range is generally lower than the one found for the acidity 
but for Montane habitats and Atlantic oak habitats range can be as high as 80%. As 
the CDEP approach is sensitive to the number of measurement sites included in the 
calculation, a regional analysis of the critical load exceedances is made to establish 
where in the UK the two methods have larger differences. Critical load exceedances 
are thus calculated for the following regions: England, Wales, Scotland and Northern 
Ireland. England, Wales, Scotland and Northern Ireland acidity exceedances are 
shown in Table 7-7, Table 7-9, Table 7-11, and Table 7-13, respectively, and for 
nutrient nitrogen in Table 7-8, Table 7-10, Table 7-12 and Table 7-14, respectively. 
England, Wales and Northern Ireland critical load exceedances are shown for 
acidity in Figure 7-24, Figure 7-26, and Figure 7-30, respectively, and for nitrogen 
nutrient in Figure 7-25, Figure 7-27, and Figure 7-31, respectively. The exceedances 
calculated using the deposition data from the FRAME model and from CDEP are 
very similar with an associated range within ±10%. (An exception is Wales's 
calcareous grassland with a range of ±20%). However, for these three regions the 
range is small compared with the all UK. 
Scotland's acidity and nutrient exceedances are shown in Figure 7-28 and 
Figure 7-29, respectively. In this region the critical load exceedances range can be as 
high as ±40% for both acidity and nitrogen nutrient. Although bog and Montane have 
the larger range for acidity and Montane and Atlantic oak have the larger range for 
nitrogen nutrients in Scotland. Therefore it is clear that the source of range for the 
UK is associated with Scotland's total deposition of N}I )(, NO and SO,. Scotland's 
complex mountain terrain may be the source of differences between the two 
deposition estimates (FRAME and CDEP). 
Another possible explanation is that the FRAME model may underestimate the 
wet deposition as shown in Chapter 6, Section 2, where when compared with 
observations the FRAME model underestimated the wet deposition of N}L, NO 3 
and SO42- . However, this can not justify why only for Scotland the range is high as 
the FRAME model underestimates wet deposition across the whole UK. The location 
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of the monitoring network is not uniformly distributed across the UK nor uniformly 
distributed for each land-use and this can lead to larger uncertainties in the CDEP 
predictions in areas of less measurement site density. 
It is also possible that the wet deposition observation sites are located in 
elevated areas, especially in Scotland; therefore measurements of wet deposition are 
already including orographic effects. The CDEP model enhances the wet deposition 
using the seeder-feeder theory assuming that wet deposition measurements do not 
include any orographic enhancement. But if observations already include this 
enhancement, because located in elevated terrain, the CDEP may overestimate wet 
deposition. 
In conclusion the suggestion here is to use the critical load exceedance 
calculated from the FRAME model output and the CDEP output to give a range of 
critical load exceedances in the UK. 
- 172- 
Chapter 7 	 FRAME model applications 
Table 7-5: Acidity exceedances for the United Kingdom calculated using the version 53 of the 
FRAME model and for comDarison the CDEP (1998 -2000) derived exceedances. 





Exceeded Area (km 2 ) _________ __________ % Area Exceeded _________ __________ 
Accumulated 













Acid grassland 15334 9926 13038 65 85 1027715 1227704 
Calcareous grassland 1808 5 0 0 0 365 0 
Dwarf shrub heath 24703 5679 12113 23 49 422240 650484 
Bog 5463 2146 4346 39 80 240775 294723 
Montane 3054 880 2789 29 91 26427 172809 
Coniferous woodland 8377 3421 
(managed)  
5888 41 70 233410 572054 
Broadleaved woodland 7452 3704 
(managed)  
5100 50 68 368882 652364 
Unmanaged woods 4011 1434 2311 36 58 120280 266160 
Freshwaters 7790 1257 1831 16 24 133385 168271 
All habitats 77991 28453 47416 36 61 2573479 3974569 
Table 7-6: Nutrient nitrogen exceedances for the United Kingdom calculated using the version 
5.3 of the FRAME model and for comparison the CDEP (1998 -2000) derived exceedances. 
Nutrient nitrogen exceedances for the United Kingdom 
Broad Habitat Habitat Exceeded Area (km 2 ) % Area Exceeded 
Accumulated
Exceedance (keq y 1 ) 
Area 
FRAME CDEP FRAME CDEP FRAME CDEP (km2) 
1999 1998-2000 1999 1998-2000 1999 1998-2000 
Acid grassland 15241 6983 8378 46 55 388571 305826 
Calcareous grassland 3577 2703 2480 76 69 124336 76629 
Dwarf shrub heath 24820 4682 7109 19 29 264369 256846 
Bog 5541 2149 2305 39 42 153721 143503 
Montane 3129 592 2996 19 96 10644 97522 
Coniferous woodland 8385 5564 7600 66 91 360738 728381 (managed)  
Broadleaved woodland 7482 6864 7289 92 97 795829 1165018 
(managed)  
Unmanaged woods 3296 2888 3142 88 95 322718 480807 
(ground flora)  
Atlantic oak 822 364 759 44 92 32425 61350 
(epiphytic lichens)  
Supralittoral sediment 2128 948 822 45 39 34902 16247 
All habitats 74422 33737 42879 45 58 2488255 3332129 
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Table 7-7: Acidity exceedances for England calculated using the version 53 of the FRAME 
model and for comparison the CDEP (1998 -2000) derived exceedances. 





Exceeded Area (km 2 ) 
________ __________ 














Acid grassland 2669 2518 2550 94 96 356195 371500 
Calcareous grassland 1714 5 0 0 0 365 0 
Dwarf shrub heath 2462 2191 2283 89 93 233307 253369 
Bog 1006 996 997 99 99 161637 163713 
Montane 2 2 2 100 100 463 365 
Coniferous woodland 1716 1120 
(managed)  
1502 65 88 112397 237379 
Broadleaved woodland 
5565 2996 (managed)  
3915 54 70 320229 552590 
Unmanaged woods 2392 993 1497 42 63 88928 171875 
Freshwaters 1042 474 505 46 49 72504 84226 
All habitats 18568 11296 13251 61 71 1346024 
Table 7-8: Nutrient nitrogen exceedances for England calculated using the version 53 of the 
FRAME model and for comparison the CDEP (1998 -2000) derived exceedances. 
Nutrient nitrogen exceedances for England 
Broad Habitat Habitat Exceeded Area (km 2) % Area Exceeded 
Accumulated
Exceedance (keq y) 
Area 
FRAME CDEP FRAME CDEP FRAME CDEP (km2) 
1999 1998-2000 1999 1995-2000 1999 1998-2000 
Acid grassland 2620 2287 2485 87 95 156646 140318 
Calcareous grassland 3312 2586 2429 78 73 119808 74953 
Dwarf shrub heath 2466 2039 2306 53 94 128521 127260 
Bog 1007 999 1007 99 100 96312 94090 
Montane 2 2 2 100 100 310 237 
Coniferous woodland 1719 1557 1719 91 100 142359 267488 
(managed)  
Broadleaved woodland 5588 5539 5588 99 100 695069 1003306 
(managed) 
Unmanaged woods 2252 2240 2252 99 100 260416 394797 
(ground flora) 
Atlantic oak 150 150 150 100 100 15360 24835 
(epiphytic lichens)  
Supralittoral sediment 1183 611 695 52 59 24622 14365 
All habitats 20299 18011 18631 89 92 1639422 2141650 
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Figure 7-24: Acidity exceedances for England calculated taking the average of the FRAME 
model predicted exceedances and the CDEP predicted exceedances. The error bars represent 
the max and min value of critical load exceedances, * indicates that FRAME based > CDEP 
based critical loads exceedances. Units are % of land where critical loads are exceeded. 
Nutrient nitrogen exceedances for England 
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Figure 7-25: Nutrient nitrogen exceedances for England calculated taking the average of the 
FRAME model predicted exceedances and the CDEP predicted exceedances. The error bars 
represent the max and min value of critical load exceedances, * indicates that FRAME based > 
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Table 7-9: Acidity exceedances for Wales calculated using the version 53 of the FRAME model 
and for comparison the CDEP (1998 -2000) derived exceedances. 
Acidity exceedances for Wales 
Habitat Exceeded Area (km 2 ) % Area Exceeded 
Accumulated 
__________ _________ __________ Exceedance (keq y 1 ) Broad Habitat Area FRAME CDEP FRAME CDEP FRAME CDEP (km2) 
1999 1998-2000 1999 1998-2000 1999 1998-2000 
Acid grassland 3143 3053 3033 97 96 427335 336173 
Calcareous grassland 45 0 0 0 0 0 0 
Dwarf shrub heath 1078 976 979 91 91 105899 78690 
Bog 56 55 55 98 98 8261 6442 
Montane 18 18 18 100 100 5337 3583 
Coniferous woodland 1048 818 1002 78 96 64322 105071 
(managed)  __________ 
Broadleaved woodland 790 494 585 63 74 38001 59146 
(managed)  __________ 
Unmanaged woods 395 249 298 63 76 16240 27957 
Freshwaters 1225 508 475 41 39 46109 29669 
All habitats 7798 6172 6445 79 83 711505 646731 
Table 7-10: Nutrient nitrogen exceedances for Wales calculated using the version 5.3 of the 
FRAME model and for comparison the CDEP (1998 -20) derived exceedances. 
Nutrient nitrogen exceedances for Wales 
Broad Habitat Habitat Exceeded Area (km 2) % Area Exceeded 
Accumulated
Exceedance (keq y 1 ) 
Area 
FRAME CDEP FRAME CDEP FRAME CDEP (km2) 
1999 1998-2000 1999 1998-2000 1999 1998-2000 
Acid grassland 3146 2983 2545 95 81 168582 92586 
Calcareous grassland 171 96 43 56 25 3183 1439 
Dwarf shrub heath 1094 1082 995 99 91 73534 45436 
Bog 56 56 53 100 95 4780 3224 
Montane 18 18 18 100 100 3456 2258 
Coniferous woodland 1052 1051 1052 100 100 94413 131422 
(managed) __________ _________  
Broadleaved woodland 798 774 798 97 100 70178 93097 
(managed)  __________ _________  
Unmanaged woods 226 222 226 98 100 22346 30128 
(ground flora)  
Atlantic oak 171 170 171 99 100 15907 20969 
(epiphytic lichens)  
Supralittoral sediment 369 170 88 46 23 6421 1155 
All habitats 7102 6622 5871 93 84 462801 421714 
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Figure 7-26: Acidity exceedances for Wales calculated taking the average of the FRAME model 
predicted exceedances and the CDEP predicted exceedances. The error bars represent the max 
and min value of critical load exceedances, * indicates that FRAME based > CDEP based 
critical loads exceedances. Units are % of land where critical loads are exceeded. 



















Figure 7-27: Nutrient nitrogen exceedances for Wales calculated taking the average of the 
FP-4-'%4E model predicted exceedances and the CDEP predicted exceedances. The error bars 
represent the max and n -dn value of critical load exceedances, * indicates that FRAME based > 
CDEP based critical loads exceedances. Units are % of land where critical loads are exceeded. 
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Table 7-11: Acidity exceedances for Scotland calculated using the version 53 of the FRAME 
model and for comparison the CDEP (1998 -2000) derived exceedances. 





Exceeded Area (km 2 ) 
________ __________ 
% Area Exceeded 
) ________ __________ 
Accumulated 













Acid grassland 8336 3344 6494 40 78 169905 449784 
Calcareous grassland 7 0 0 0 0 0 0 
Dwarf shrub heath 20190 1816 7725 9 40 46242 281176 
Bog 3959 675 2748 17 73 42191 96898 
Montane 3034 861 2832 28 91 20627 168861 
Coniferous woodland 
5111 1246 (managed)  3079 
24 60 43495 202499 
Broadleaved woodland 1096 214 
(managed)  
601 20 55 10652 40628 
Unmanaged woods 1016 96 408 9 40 4384 24226 
Freshwaters 5338 249 819 5 15 13647 51240 
All habitats 48086 8500 25213 18 52 351143 1315312 
Table 7-12: Nutrient nitrogen exceedances for Scotland calculated using the version 53 of the 
FRAME model and for comparison the CDEP (1998 -2000) derived exceedances. 
Nutrient nitrogen exceedances for Scotland 
Broad Habitat Habitat Exceeded Area (km 2 ) % Area Exceeded 
Accumulated
Exceedance (keq y) 
Area 
FRAME CDEP FRAME CDEP FRAME CDEP (km2) 
1999 1998-2000 1999 1998-2000 1999 1998-2000 
Acid grassland 8283 904 2663 11 32 19710 54808 
Calcareous grassland 24 1 0 4 0 60 0 
Dwarf shrub heath 20284 840 3111 4 15 18959 61692 
Bog 4005 640 825 16 21 25337 29191 
Montane 3109 572 2976 18 96 6879 95027 
Coniferous woodland 5111 2500 4343 49 85 89770 288641 
(managed)  
Broadleaved woodland 1096 550 903 50 82 30583 68615 
(managed)  
Unmanaged woods 570 191 422 34 74 10222 28804 I 	(ground flora)  
Atlantic oak 501 44 438 9 88 1158 15546 (epiphytic lichens)  
Supralittoral sediment 547 152 28 28 5 2980 281 
All habitats 43530 6395 15709 15 36 205657 642605 
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Figure 7-28: Acidity exceedances for Scotland calculated taking the average of the FRAME 
model predicted exceedances and the CDEP predicted exceedances. The error bars represent 
the max and min value of critical load exceedances, * indicates that FRAME based > CDEP 
based critical loads exceedances. Units are % of land where critical loads are exceeded. 
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Figure 7-29: Nutrient nitrogen exceedances for Scotland calculated taking the average of the 
FRAME model predicted exceedances and the CDEF predicted exceedances. The error bars 
represent the max and mm value of critical load exceedances, * indicates that FRAME based > 
CDEP based critical loads exceedances. Units are % of land where critical loads are exceeded. 
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Table 7-13: Acidity exceedances for Northern Ireland calculated using the version 53 of the 
FRAME model and for comparison the CDEP (1998 -2000) derived exceedances. 





Exceeded Area (km 2 ) % Area Exceeded 














Acid grassland 1187 1011 960 85 81 74280 70247 
Calcareous grassland 42 0 0 0 0 0 0 
Dwarf shrub heath 973 697 703 72 72 36792 37248 
Bog 442 419 400 95 91 28687 27670 
Montane 0 0 0 0 0 0 0 
Coniferous woodland 503 237 
(managed)  
305 47 61 13196 27105 
Broadleaved woodland 0 0 
(managed)  
0 0 0 0 0 
Unmanaged woods 208 97 106 47 51 10729 12102 
Freshwaters 186 26 32 14 17 1125 3136 
All habitats 3539 2486 2506 70 71 164807 177508 
Table 7-14: Nutrient nitrogen exceedances for Northern Ireland calculated using the version 5.3 
of the FRAME model and for comnarison the CDEP (1998 -2000) derived exceedances. 
Nutrient nitrogen exceedances for Northern Ireland 
Broad Habitat Habitat Exceeded Area (km 2 ) % Area Exceeded 
Accumulated 
Exceedance (keq y 1 ) 
Area 
(km2) FRAME CDEP FRAME CDEP FRAME CDEP 
1999 1998-2000 1999 1998-2000 1999 1998-2000 
Acid grassland 1192 808 685 68 58 43633 18113 
Calcareous grassland 69 20 8 29 12 1284 236 
Dwarf shrub heath 976 721 698 74 72 43356 22458 
Bog 473 453 420 96 89 27292 16999 
Montane 0 0 0 0 0 0 0 
Coniferous woodland 504 456 486 90 97 34197 40829 
(managed) 
Broadleaved woodland 0 0 0 0 0 0 0 
(managed) 
Unmanaged woods 247 235 241 95 97 29733 27078 
(ground flora)  
Atlantic oak 0 0 0 0 0 0 0 
(epiphytic lichens)  
Supralittoral sediment 29 15 16 50 55 879 446 
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Figure 7-30: Acidity exceedances for Northern Ireland calculated taking the average of the 
FRAME model predicted exceedances and the CDEP predicted exceedances. The error bars 
represent the max and n-dn value of critical load exceedances, * indicates that FRAME based > 
CDEP based critical loads exceedances. Units are % of land where critical loads are exceeded. 
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Figure 7-31: Nutrient nitrogen exceedances for Northern Ireland calculated taking the average 
of the FRAME model predicted exceedances and the CDEP predicted exceedances. The error 
bars represent the max and min value of critical load exceedances, * indicates that FRAME 
based > CDEP based critical loads exceedances. Units are % of land where critical loads are 
exceeded. 
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7.4 Conclusions 
The FRAME model is used here to quantify the SO, point source deposition 
footprints of the major UK point sources for the year 2003 and for an emission 
scenario for the year 2010. The point sources emission database is provided by the 
Environment Agency, the Scottish Environmental Protection Agency, and the 
Environment Heritage Service Northern Ireland for both 2003 and 2010. 
The 2010 emission scenario matches the Gothenburg protocol target for NH 
and NO but exceeds the SO2 target by --60 Gg y 1 . However, as the 2010 
emission estimates are provided by the various environmental agencies mentioned 
above, this estimate is likely to represent the 2010 scenario well 
(Dore et al., 2005). 
The results found are, firstly, that the dry deposition footprint is highly 
dependent on stack parameters and not only emissions magnitude. Secondly, wet 
deposition is highly sensitive to the geographical location. The location of the 
Longannet point source (116) is probably the one of the worst locations in the UK 
to put a power plants because it not only dry deposits on most parts of east 
Scotland but also wet deposits covering a large area of the Highlands. 
Another interesting result, assuming this scenario will take place; the 
Longannet (Scotland) site will become the strongest single point sources in the 
UK as shown in Figure 7-32. The percentile of the point source went from 6% in 
2003 to 6.6% in 2010 of the total point sources emissions. 
The FRAME model can be used to predict the effect of policy emission 
reductions on single point sources. To predict the effect of removing or reducing 
the emissions from a specific point source, the FRAME output can be used to 
calculate the critical load exceedance as shown in this chapter. 
For such applications, where the number of simulations involved is large 
(order of 100), the FRAME model proves to be a good tool able to perform the 
required simulations in a matter of days, with a fine resolution of 5 x 5 km2 . 
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Figure 7-32: The eight 2010 UK strongest SO 2 point sources which include the five of the eight 
strongest NO point sources. Units are percentile of the total SO 2 point sources emissions. 
The FRAME model version 5.3 1999 prediction for dry and wet deposition are 
used here to estimate the critical load exceedances for acidity and nitrogen nutrients. 
Although for most of the UK the FRAME model predictions agreed with the official 
critical load exceedances, in Scotland the critical loads derived from the FRAME 
model output are lower than the official figures. 
It is suggested here to use both predictions, FRAME model and CDEP, to 
provide an estimate of critical load exceedances. In Abbot et al., 2003 a factor two 
was found in the uncertainties of UK deposition. An estimate of the uncertainties can 
be made using the differences between FRAME model derived exceedance and 
CDEP derived exceedance. For England, Wales and Northern Ireland the 
uncertainties are generally within 20%, whereas in Scotland the uncertainties are as 
high as 80%. When critical loads are used to assess the ecosystems health this should 
be taken into account as an estimate of uncertainties. 
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Chapter 8 Summary and future work 
The aim of this study was to predict annual deposition of reduced nitrogen, 
nitrogen oxides and sulphur oxides over the United Kingdom for different emission 
scenarios, present and future. 
Multiple model runs were restricted by the relatively long run time (days). The 
so called 'bottle neck' for the model run time has been identified in the size of the 
time-step used in the FRAME model (4 sec). The numerical scheme previously 
adopted by the FRAME model was the Runge-Kutta method. This is an explicit 
method with an associated time-step restriction to prevent numerical instability. A 
new fully-implicit numerical scheme has been introduced to the FRAME model. The 
fully-implicit finite volume method was chosen because of its simplicity in dealing 
with boundary conditions and interfaces between adjacent layers. The model run-
time speeded up was by a factor of 36 for the same accuracy as the Runge-Kutta 
method. The fully implicit finite volume method has no limitation in size of the time 
step, but its accuracy is still time-step dependent. The accuracy of the new scheme 
has been tested against the previous scheme. The benefit in using a new diffusion 
scheme has been substantial, giving a model speed up without the considerable cost 
of increasing the computer power. 
Emission datasets have been found to be a critical input parameter for the 
FRAME model predictions. Emissions need to be as accurate as possible not only in 
magnitude and horizontal resolution, but also in the vertical estimation of the 
injection height. It is possible to divide the emissions into two main categories: low-
level and high stack. For both, detailed emission inventories including emission 
injection height, as well as emission magnitude, are required. For high stack 
emissions additional stack parameters, such as stack height, stack diameter, plume 
temperature and plume exit velocity, are also critical. 
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Low-level emissions, such as ammonia from agriculture, are generally injected 
at surface level, but, as an example, poultry emissions can be an elevated source —10-
15 m, depending on the extraction fan location. This work showed the importance of 
injecting pollutants, such as ammonia and nitrogen oxides at appropriate heights. 
Differences in surface concentrations for SO2 can be smaller by a factor of four when 
a plume rise parameterisation is applied to the high stack emissions in the FRAME 
model. The stack height database has proven to be important, especially for SO2. The 
vertical resolution of the FRAME model (1 m at the bottom layer) is a critical feature 
that made it possible to inject emissions explicitly at the appropriate height. This is 
an advantage of FRAME, by comparison with models such as the EMEP Unified 
model, where the depth of the surface layer is '-90 m. In the FRAME model pollutant 
concentrations at the surface are explicitly calculated, whereas in the EMEP Unified 
model, the concentrations at the surface are calculated applying a parameterised 
vertical profile in order to calculate the surface layer concentration. 
Emissions and deposition are the factors that mainly control the surface air 
concentration of ammonia in areas of relatively high emissions, whereas in areas of 
low ammonia emissions and concentration, bi-directional exchange of ammonia 
plays a large role in controlling the surface ammonia air concentration. A bi-
directional exchange of ammonia parameterisation (single layer canopy model) has 
been introduced to the FRAME model. The bi-directional exchange of ammonia is a 
process that is highly dependent on humidity and temperature; therefore a specific 
database of temperatures and humidity at each location is required. A specific test 
was made for Inverpolly (an observation site of the UK ammonia monitoring 
network) using the FRAME model. Monthly measurements are available at that 
location and were used to validate the FRAME model predicted monthly 
concentrations. This comparison showed that the bi-directional exchange was able to 
capture the seasonal variation of ammonia concentrations, but was not able to 
represent two peaks of concentrations in April and July 1999. These concentration 
peaks are probably due to small scale (both temporally and spatially) emission 
variations due to human activity or wild animals. The bi-directional exchanges of 
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ammonia can double concentrations in areas of low ammonia concentrations. This 
difference can be important for critical load exceedances of acidity and nitrogen 
nutrient assessment. This process should be included in any ATM used to predict 
ammonia deposition with the purposes of calculating critical load exceedances of 
acidity and nitrogen nutrients. 
A new wind speed and wind frequency has been derived from radiosonde 
measurements. The old wind speed and wind frequency used in the FRAME model 
had an unusual frequency peak in the northerly direction that was not found in the 
radiosonde derived dataset. The wind frequency has a peak in the WSW direction 
and is approximately symmetric around this axis. The export from the model domain 
calculated by the FRAME model, using the new radiosonde wind speed and wind 
frequency dataset, increased for NI1-J, NO and SO by 11%, 4% and 5%, 
respectively. 
Improvements made to the FRAME model included in this study have been 
individually tested against observations in each chapter; however, a full and 
extensive model validation is made in Chapter 6. The FRAME model performed well 
when compared with observations of various observation networks. Difficulties in 
comparing model calculations and observations arise and are analysed in detail. In 
summary, two major sources of uncertainties were found in the model comparison: 
firstly the spatial variability of measurements within the same 5 x 5 kin  grid square, 
secondly model uncertainties due to model parameterisation and emissions, which 
have been estimated to be ±50%. The validation of the FRAME model with 
observations shows how the model can predict ammonia and nitrogen oxides and 
sulphur oxide surface concentrations in remote areas well. However, the model was 
not able to predict accurately urban concentrations of NO x and SO2. A much finer 
scale model is required to capture the complex urban air flow and therefore the 
surface air concentration. 
The FRAME model application included in this study has shown: firstly that the 
SO2 deposition footprint of the major point sources located in mountain terrain areas 
is relatively larger than power plants located in flat areas. This is due to wet 
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deposition of pollutant being more efficient in elevated areas. The ability to perform 
an analysis of all major point source footprints made the FRAME model a suitable 
tool to perform analyses of the ecosystem-impact of policy emission-reductions and 
can be used to assess the impact of new installations of power plants. A 2010 
emission scenario generated here from data provided by the Environment Agency, 
the Scottish Environmental Protection Agency and the Environment Heritage Service 
Northern Ireland, is used to perform a future scenario study for the footprints of SO 2 
point sources. These results may indicate the most effective way to reduce dry and 
wet deposition in the UK, highlighting the areas where most dry and wet deposition 
takes place. The Longannet (Scotland - 116) power plant is a good example of a bad 
location for a power plant. The vicinity of the Scottish Highlands made the wet 
deposition footprint very large for both 2003 and 2010. These results and the fact that 
the largest uncertainties in the critical load exceedances are in Scotland make it a 
priority to refine the analysis in this area. 
As a results of this conducted research, version 5.3 (see Appendix B) of the 
FRAME model is recommended for operational applications such as calculating 
sulphur, oxidised nitrogen and reduced nitrogen deposition over the UK. This model 
version (5.3) includes an efficient treatment of vertical dispersion, plume rises, non-
linear chemistry, a detailed angular separation of trajectories, bi-directional exchange 
of ammonia and should be used to calculate the critical loads exceedances. 
Future work 
The FRAME model has been updated and expanded in recent years mainly 
focusing on the parameterisation of sinks, sources and transport of pollutants and less 
attention has been dedicated to the chemical scheme. The chemical scheme of the 
FRAME model has only been partially modified in the past years. Aerosols are an 
increasing concern for human health and global warming, however to model aerosols 
properly, a size distribution chemical scheme is required, and should be implemented 
in the FRAME model. 
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Modern computers can handle large amounts of data. The FRAME model 
resolution can therefore be increased to 1 x 1 km 2. The work associated in increasing 
the resolution should not be underestimated as major model changes are required. 
However the benefit in capturing the spatial variability of surface concentrations of 
ammonia and nitrogen oxides may be high, especially for critical load exceedances. 
Emissions are already available at a 1 x 1 km 2 grid (NEAT nitrogen oxides and 
sulphur oxides and CEH Emissions for ammonia). 
As computer power steadily increases, models using a statistical approach, such 
as FRAME, may be overtaken by the use of complex Eulerian models such as EMEP 
Unified or CMAQ, which are driven by real meteorology. It is not an easy task to 
predict a lifetime of the FRAME model, however, some unique features of the 
FRAME model such as vertical resolution (1 in at the surface layer) and an increased 
horizontal resolution to 1 x 1 km 2  are only feasible because of the computational 
speed of FRAME compared with Eulerian models, and could make FRAME still a 
useful scientific tool well beyond two/three years in the future. 
Although a monthly version of the FRAME is up and running, more work needs 
to be done in providing accurate monthly input data, such as ammonia compensation 
points, rainfall, temperature and humidity for the whole domain. 




A.1 Measurement derived km 
An attempt to determine km (diffusivity coefficient) by an alternative method is 
made here. The approach used in the FRAME model to calculate km (ApSimon et al., 
1994) may not represent the exchange of pollutants well between surface and 
atmosphere near the ground as ammonia surface concentrations are slightly 
overestimated by the FRAME model. A measurement-derived km (Famulari, 2005) 
for the first two layers of the FRAME model is used here. The diurnal cycle for an 
annually averaged km is shown in Figure A- 1. The method used to derive km from 
ammonia concentration measurements at different heights uses the eddy covariance 
theory. A full description of this method can be found in Famulari (2005). 
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Figure A- 1: km  measured at 1  and 2 m. Annual averaged values measured at the Auchencorth 
Moss observation site number 18 of the UK National Ammonia Monitoring Network. 
Two 1999 FRAME model version 5.4 simulations were made to investigate the 
effect on NH3 surface concentration using the new observationally-derived km. A first 
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run as baseline (km calculated by the FRAME model) and a second run using km at 1 
m and 2 m derived from measurements were made. 
Figure A- 2 shows the ammonia surface concentrations predicted by the 
FRAME model; a) km (1 in and 2 m) derived from measurements and calculated by 
the FRAME model and b) baseline run where km is calculated by the FRAME model 
for the entire air column). 
LEAR FIT NH3 1999 	 NEIJ FIT NH3 999 







a) 	Measured NH, su$cce co-centrotior, (g r&') 	 b) 	Measured NH, Surface corceetrotion  
Figure A- 2: 1999 FRAME model NH 3 surface concentrations versus the UK National Ammonia 
Monitoring network observations, a) km derived from observations (1 m and 2 m) and calculated 
by the FRAME model. b) k m calculated by the FRAME model for the entire air column. 
The comparison with observations of the two simulations are very similar, 
but the ammonia surface concentrations predicted by the FRAME model using km  
derived from observations are generally lower. To understand the spatial pattern of 
these differences better a ratio plot map and a differences map is shown in Figure A-
3 part a) and b), respectively. 
The relative larger effect is found in the areas of low ammonia concentrations 
as shown in Figure A- 3 part a) whereas in absolute terms areas of high 
concentrations have the larger effect as shown in Figure A- 3 part b). An interesting 
feature is the north London areas where for both relative and absolute terms the new 
km has a substantial effect. 
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a) ________ b) 
Figure A- 3: a) Ratio plot of NH 3 concentrations: km  calculated by the FRAME model I km  
derived from measurements. b) NH 3 concentrations: km  calculated by the FRAME model — k m  
derived from measurements. Units are jig m 3 . 
This preliminary study shows a reduction in surface concentrations when the 
observation-derived km  is used. However more work needs to be done on this to be 
operationally applicable to the FRAME model. Moreover, this suggests that the km 
used in the FRAME model may be too low near the surface. A large source of 
uncertainties of this study is the fact that k m  is derived from grassland land-use and 
applied to all land-use of the FRAME model. In further analysis, the land-use 
dependence of km in relation to surface roughness should be explored in more detail. 





FRAME MODEL VERSIONS 
Old numbering of the FRAME model versions ('Fournier, 2002) 
• 1.O Great Britain 
• 1.1 Extended to the United Kingdom 
• 2.0 Extended to the British Isles 
• 3.0 Parallelisation of the FRAME using High performance FORTRAN 
• 3.1 Balancing of the processors computational load 
• 4.1 Directional orographic rain fall 
• 4.2 Variable mixing layer height 
• 4.7 Introducing the point sources emissions for NO and SO2 
• 4.7 equivalent to 4.16 in the new numbering system 
New and CEH official numbering of the FRAME model versions 
• 4.16 Plume rise of point source emissions, and official version number 
• 4.17 Minor update to the plume rise 
• 	4.18 Fixed a bug in the start trajectories 
• 4.19 New import, export and emissions sub-routines 
• 4.20 Separate UK and Eire emissions files 
• 4.21 Marine SO2 emissions and sea deposition 
• 4.22 Improved emissions routines and input parameters file 
• 4.23 Bi-directional exchange of ammonia module added 
• 4.24 Plume spread emissions (30 and 5x5 grid square) option 
- 195 - 
Appendix B 
4.25 Fixing bug for the unbalanced budget (sea deposition and domain edge) 
4.26 Reorganisation of input files & removal of redundant options 
5.0 INTEGRATED FRAME: options for (i) acidifying species and 
radiatively active gases (ii) heavy metals (iii) base cations, automated 
calibration CDEP, and FRAME code standardised to FORTRAN 90 standard 
in order to minimise compilation problems for portability. 
5.1 Improved treatment of I-1NO 3 wet deposition 
5.2 Emissions of NOx and SO2 by SNAP code, Isle of Man emissions 
5.3 Restricting the plume rise within the PBL and new emissions injection 
height for SO2, NO and Nil-I3. 
5.4 km parameterisation, chemical scheme and 1 x 1 km 2 resolutions.. .At 
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INTRODUCTION 
The EMEP Unified Model (Simpson et al., 2003 and Tarrasón (ed.), 2003) is an 
Eulerian atmospheric transport model used to evaluate concentrations and deposition 
of various pollutants across Europe. The model predictions include all the major 
chemical species that cause acidification, eutrophication, photochemical oxidants and 
atmospheric particulate matter. 
In a joint effort between the University of Edinburgh, CEH Edinburgh and the 
Norwegian Meteorological Institute, the Unified EMEP model is presently been 
applied with increased spatial resolution over the United Kingdom. The new 
application is intended to allow mesoscale atmospheric transport model calculations 
over the British Isles. However for the present study, only the emissions and land 
surface associated with the United Kingdom have been included. 
The new model application is called EMEP4UK and is effectively the same 
model as the Unified EMEP model implemented at the much finer horizontal 
resolution of 5 x 5 kM 2 . Initial and boundary conditions are directly interpolated from 
the 50 x 50 km2  Unified EMEP model output. At these preliminary stages of 
development, the same vertical structure of the troposphere as in the Unified EMEP 
Model is used. The model is defined vertically with 20 layers of increasing thickness, 
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from the surface up to -16 km of height using the so-called a coordinates. The 




where p* = pp and p, Pt  and Ps  are pressure at level a, pressure at the top of the 
vertical boundary (100 hPa) and pressure at the surface, respectively. 
The main equation describing transport, chemical transformation, emissions and 
deposition in EMEP4UK, is the continuity equation shown in equation (2): 




 aCp. ) 
	
(2) 
at 	 M 	 &a p 
where C is the mixing ratio in air, m is a scaling factor related to the polar 
stereographic projection, VH is the horizontal speed, ô is the first derivative of a with 
respect to time, Ka is the vertical eddy diffusivity coefficient, S is the source/sink 
term, and finally p is the air density. 
The mesoscale model application requires new sets of meteorological and 
emission input data. The availability and reliability of these refined input data will 
influence the quality of the atmospheric transport simulations of the EMEP4IJK. For 
this study, only some preliminary input datasets have been used. The model input 
datasets used for this study are: a) the ERA40 data reanalysis originally in -125 x 
125 km2 has been interpolated down to at 5 x 5 km2 for the meteorological fields and 
parameters; b) the national atmospheric emissions inventory (NAEI, 
www.naei.org.uk) from NIETCEN for the nitrogen dioxide and sulphur dioxide 
emissions; c) the ammonia emissions are from CEH Edinburgh, and d) all the 
remaining emissions have been interpolated from the 50 x 50 km  EMEP emissions 
inventories. For this preliminary test, land-use and other input data have also simply 






The EMEP4UK model is applied to the UK for the year 2001. The model is run 
for January 2001 only since at present a single month simulation takes up to 3 days 
to be completed on a 100 processor 32 bit INTEL Xeon cluster computer. Results 
have been compared with FRAME model predictions in order to test the validity of 
this preliminary implementation. In Figure 1 the EMEP4UK predicted ammonia 
surface concentration is compared with the FRAME model prediction (Fournier et al. 
2004). Both models share the same horizontal resolution of 5 x 5 km2 . 
0 - 0.2 




- 2.6 - 3.7 
- 3.7 - 5.1 
- > 5.1 
No Data 
Figure 1: NH3 surface concentration (rig m) at 5 x 5 kilL resolution as estimated by 
a) EMEP4UK model (for January 2001) and b) FRAME model (average for 2001). 
The two models predict similar concentrations and spatial distribution for 
ammonia; however there is a clear difference between the model results in UK 
ammonia export foot-print. EMEP4UK predicts export from the UK in the northerly 
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direction where FRAME predicts the export in the easterly direction. This is because 
January 2001 had a predominant southerly wind direction where the FRAME model 
uses a long term average wind frequency rose with greatest frequency in the south-
westerly wind direction. In addition, the results from the EMEP4UK simulation are 
affected by a larger transport over sea areas, probably a consequence of the coarse 
interpolation of the meteorological fields from ERA40 down to 5 x 5 km2 . 
The main advantage of the present simulation is the introduction of high 
resolution emission data as compared to 50 x 50 Km 2 simulations from the EMEP 
Unified model simulations. The EMEP4UK model results are compared to the 
Unified EMEP model and shown in Figure 2. The EMEP4UK model uses the GB 
National Grid whereas the Unified EMEP model uses a polar stereographic 
projection. Therefore to be comparable, the EMEP4UK model results are aggregated 
to a 50 x 50 km2 and re-projected to the EMEP grid. ArcView, a GIS tool, is used to 
perform the required re-projection using the 8th  order nearest neighbours algorithm. 
The two models share similar spatial distribution of ammonia concentrations, but the 
magnitude of concentrations predicted by the EMEP4UK model are somewhat 
higher than the ones predicted by the EMEP model. Regionally both models agreed 
in showing high ammonia concentrations in East Anglia, central England and north 
of Ireland (Fournier et. al. 2004) with low concentrations predicted in the Scottish 
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Figure 2: a) January 2001 EMEP4UK model and b) 1999 EMEP model NH 3 surface 
concentration. The EMEP4UK model output is aggregated at a 50 x 50 km 2 resolution and re-
projected to the official EMEP grid (polar stereographic). Units are jig m 3 . 
Ammonia has a very strong spatial variability and is emitted very close to the 
ground; therefore the emissions inventory is critical to a good model performance. 
The EMEP4UK model and FRAME used the AENEID spatial NH3 inventory 
(Dragosits et al. 1998), which contains a different spatial distribution of NH3 
emissions to that used in the EMEP model. 
A potential application of the EMEP4UK model is to conduct specific pollution 
investifations at high resolution of specific events which may occur. In Figure 3, the 
surface concentration for nitrogen dioxide is shown for five consecutive days of 
January 2001 from 12:30 of 1 January (Figure 3 part a) tol2:30 of 5 January (Figure 
3 part h) with intervals of 12 hours. 
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An interesting event is shown in Figure 3 part f) where a region of relatively 
high concentration of nitrogen dioxide is advected outside the UK mainland 
boundary and transported towards the Shetland Islands as shown in Figure 3 part g). 
However, to predict specific events the interpolated ERA40 meteorology driver is 
probably not accurate enough. To improve the model prediction further a higher 
resolution for the meteorological driver is required. It is intended to proceed with the 
EMEP4UK application using a higher resolution meteorological driver, either from 
MM5 mesoscale model and/or using the 4 x 4 km  resolution UK Met office unified 
model (when available). 
V --= 	- 
0 	 I0(ppbv) 
Figure 3: Surface NO 2 concentration predicted by the EMEP4UK model for live consecutive 
days (01/01/2001 - 05/01/2001): a) 12:30, 01/01; b) 00:30, 02/01; c) 12:30, 02/01; d) 00:30, 




We are grateful for funding of this work from Defra (Air and Environment 
Quality program), the Centre for Ecology and Hydrology and the Norwegian 
Meteorological Institute. 
REFERENCE LIST 
Dragosits U, Sutton M.A., Place Cf. and Bayley A., (1998). Modelling the spatial 
distribution of ammonia emissions in the UK. Env. Poll. 102, Si, 195-203. 
Fournier N., Dore A. I, Vieno M., Weston K. J., Dragosits U., and Sutton M. A., 
(2004). Modelling the deposition of atmospheric oxidised nitrogen and 
sulphur using a multi-layer long-range transport model. Atm. Env. 38, 683-
694 
Simpson, D., Fagerli, H., Jonson, i.E., Tsyro, S., Wind, P. and Tuovinen, j.-P., 
(2003). The EMEP Unified Eulerian Model. Model Description. EMEP 
MSC-W Report 1/2003, Part I, Norwegian Meteorological Institute, Oslo, 
Norway. 
Sutton MA., U Dragosits, S. Helisten, C'.]. Place, A.J. Dore, YS. Tang, N. van Dzjk, 
L. Love, N. Fournier, M Vieno, K..J. Weston, R.I. Smith, D. Roy, f. Hall and 
D. Fowler, (2004) Ammonia emissions, deposition and potential 
environmental impacts in Scotland, The Scientific World, 4, 795 - 810. 
Tarrasón, L. (ed.) 2003, EMEP Report 1/2003, Transboundary Acidification, 
Eutrophication and Ground Level Ozone in Europe. Part II, Unified EMEP 
Model Performance, EMEP Status Report 2003, Norwegian Meteorological 
Institute, Oslo, Norway. www.emep.int. 
-203- 
Appendix C 
- 204 - 
at 
Pubblications 
Recent publications list 
Refereed publications: 
Fournier N., Dore A. J, Vieno M., Weston K.J., Dragosits U., and Sutton M.A., 
Modelling the deposition of atmospheric oxidised nitrogen and sulphur using a 
multi-layer long-range transport model. Atmospheric Environment 38 (2004) 683-
694 
Sutton M.A., U. Dragosits, S. Hellsten, C.J. Place, A.J. Dore, Y.S.Tang, N. van Dijk, 
Love, N. Fournier, M. Vieno, K.J. Weston, R.I. Smith, D. Roy, J. Hall and D. 
Fowler, (2004) Ammonia emissions, deposition and potential environmental 
impacts in Scotland, The ScientificWorld, 4, 795 - 810. 
A.J. Dore, M. Vieno, N.Foumier, K.J. Weston, and M.A. Sutton, (2005). 
Developement of a new wind rose for the British Isles using radiosonde data and 
appication to an atmospheric transport model. In submissions to Atmospheric 
Enviroment. 
Other publications: 
M. Vieno, P. Wind, K. J. Weston, A. J. Dore, L. Tarrasón and M. A. Sutton, Fine 
scale application of the EMEP unified air pollution model to the United Kingdom. 
Harmonisation conference proceedings, Crete, Greece, 2005. 
M. Vieno, P. Wind, K.J. Weston, A.J. Dore, L. Tarrason and M.A. Sutton, 
Application of the EMEP model to the UK with a resolution of 5 km grid - First 
report EMEP4UK, Report to the Department for Environment, Food and Rural 
Affairs, (Air and Environment Quality Division) and Devolved Administrations, 
CEH Edinburgh, 2005. 
Vieno, K.J. Weston, A.J. Dore and M.A. Sutton, Application of FRAME to 
estimate Alpha factors for ammonia at a 5 km grid resolution for the UK, Report to 
the Department for Environment, Food and Rural Affairs, (Air and Environment 
Quality Division) and Devolved Administrations, Contract EPG 1/3/94, CEH 
Edinburgh, 2002. 
A.J. Dore, M. Vieno, B. Bealey and M.A. Sutton, Source attribution and critical 
loads assessment for Special Areas of Conservation and Special Protection Areas in 




A.J. Dore, M. Vieno, N. Fournier, U. Dragosits, K.J. Weston and M.S. Sutton, Long 
range transport modelling of sulphur and nitrogen deposition over the British Isles 
for emission abatement strategies. Proceeding of the Acid Rain 2005. Prague, 
Czech Republic. 
A.J. Dore, M. McDougall, M. Vieno, R.I. Smith and M.A. Sutton, Modelling the 
Depostion and Concentration of Long range Air Pollution, Annual Report to 
Department for Environment, Food and Rural Affairs, (Air and Environment 
Quality Division) 2004 - 2005, Interim report under project EPG 1/3/202, CEH 
Edinburgh, 2005. 
Y.S. Tang, N. van Dijk, L. Love, U. Dragosits, M. Vieno, R.I. Smith, B. Rippey and 
M.A. Sutton, The Scotland & Northern Ireland Forum for Environmental Research 
(SNIFFER), Project number UKPIR.04 230/8046, CEH Edinburgh, 2004. 
A.J. Dore, E. Heywood, M. Vieno, N. Fournier, R.I. Smith, K.J. Weston, J. Hall and 
M.A. Sutton, Modelling the Transport and Deposition of Sulphur and Reduced and 
Oxidised Nitrogen in the UK, as a contribution to Long Range Transport of 




Abbott J., Hayman G., Vincent K., Metcalfe S., Dore T., Skeffington P. Whyatt D, 
Passant N, Woodfield M., (2003). Uncertainty in acid deposition modelling and 
critical load assessments. R & D Technical Report TR4-083(5)/1, Environment 
Agency, Bristol, UK. 
Air Quality Expert Group (AQEG), (2005). Particulate Matter in the UK. Defra, 
London 
American Society of Mechanical Engineers, (1973). Recommended guide for the 
prediction of the dispersion airbone effluents, 2 nd  ed. ASME, New York. 
ApSimon H.M., Barker B.M. and Kayin 5., (1994). Modelling studies of the 
atmospheric release and transport of ammonia - application of the TERN model to 
an EMEP site in eastern England in anticyclonic episodes. Atmospheric 
Environment 28, 665 - 678. 
Barret K., Seland 0., Mylona S., Foss A., Sandness H., Styve H. and L. Tarrason, 
(1995). European transboundary acidifying air pollution. Ten years calculated 
fields and budgets to the end of the first Sulphur Protocol. EMEP/MSC-W Report 
1/95. The Norwegian Meteorological, Institute, Oslo, Norway. 
Bjørge D. and Skàlin R., (1995). PARLAM - The parallel HILRAM version at 
DNMI. Research Report No. 27, ISSN 0332-9879. Norwegian Meteorological 
Institute, Oslo, Norway. 
-207- 
References list 
Berge, E. and Jakobsen, H. A., (1998), A regional scale multi-layer model for the 
calculation of long-term transport and deposition of air pollution in Europe, Tellus, 
50, 205-223. 
Collins W.J., R.G. Derwent, B. Gamier, C.E. Johnson, M.G. Sanderson and D.S. 
Stevenson, (2003). Effect of stratosphere-troposphere exchange on the future 
tropospheric ozone trend, J. Geophys. Res., 108(D12), 8528, 
doi: 10. 1029/2002JD002617, 2003. 
Collins W.J., D.S. Stevenson, C.E. Johnson and R.G. Derwent, (1997). Tropospheric 
ozone in a global-scale three-dimensional Lagrangian model and its response to 
NO emission control. J. Atmos. Chem. 26, 223 - 274. 
Dentener F., et al., Nitrogen and sulphur deposition on regional and global scales: a 
multi-model evaluation. GBC (submitted), 2005 
Dore A.J., M. McDougall, M. Vieno, R.I. Smith and M.A. Sutton, (2005). Modelling 
the depostion and concentration of long range air pollution, annual report to 
Department for Environment, Food and Rural Affairs, (Air and Environment 
Quality Division) 2004 - 2005, Interim report under project EPG 1/3/202, CEH 
Edinburgh. 
Dore A.J., Choularton T. W., Fowler D., (1992). An improved wet deposition map of 
the United Kingdom incorporating the seeder-feeder effect over mountainous 
terrain. Atmos.Env. 26A, 1375-1381. 
References list 
Dragosits U., Sutton M.A., Place C.J. and Bayley A., (1998). Modelling the spatial 
distribution of ammonia emissions in the UK. Environ. Pollut. (Nitrogen 
Conference Special Issue). 102, Si, 195-203. 
Dwyer A.J. and Hicks B.B., (1970). Flux-gradient relationship in the constant flux 
layer. Quaternary Journal Royal Meteorology Society, 96, 715-721. 
Famulari D., (2006). The surface-atmosphere exchange of ammonia and sulphur 
dioxide. PhD thesis, University of Edinburgh. 
Fournier N., (2002). Development of an Atmospheric Transport model Simulating 
Concentration and Deposition of Reduced Nitrogen over the British Isles. PhD 
thesis, University of Edinburgh. 
Fournier N., Pais V.A., Sutton M.A., Weston K.J., Dragosits U., Tang Y.S, and 
Aherne J., (2002). Parallelisation and application of a multi-layer atmospheric 
transport model to quantify dispersion and deposition of ammonia over the British 
Isles. Environmental Pollution 116 (1), 95-107. 
Fournier N., Dore A.J., Vieno M., Weston K.J., Dragosits U., and Sutton M.A., 
(2004). Modelling the deposition of atmospheric oxidised nitrogen and sulphur 
using a multi-layer long-range transport model. Atmospheric Environment 38 683- 
Garland J.A., (1977). The dry deposition of sulphur dioxide to land and water 
durfaces. Proc. Royal Society London A 345, 245-268. 
-209- 
References list 
Goodwin, J.W.L., Saiway, A.G., Murrels, T.P., Dore, C.J., Passant, N.R., and 
Eggleston, H.S., (2000). UK Emissions of Air Pollutants 1970 - 1998. AEA 
Technology, AEATIRIEN/0270 
Hall, J., Ullyett, J., Heywood, L. & Broughton, R. & 12 UK experts., (2004a). Status 
of UK critical loads: Critical loads methods, data and maps. February 2004. Report 
to Defra (Contract EPG 1/3/1 85). http://critloads.ceh.ac.uk  
Hanna S.R., Briggs G.A., and Hosker R.P.Jr., (1982). Handbook on Atmospheric 
Diffusion. U.S. Department of Energy report DOE/TIC-i 1223, Washington, DC. 
[FCC, (2002). Technical Paper V, Climate Change and biodiversity 
Jones J.A., (1981). The estimation of long range dispersion and deposition of 
continues release of radionuclide to atmosphere, National Radiation protection 
board, NRPB-R123, Oxfordshire. 
Lee D.S. Kingdon R. D., Jenkin M.E., and Garland J.A., (2000). Modelling the 
atmospheric oxidised and reduced nitrogen budgets for the UK with a Lagrangian 
multi-layer long-range transport model. Enviromental Modeling and Assessment 5, 
83-104. 
Metcalfe S.E., Whyatt J.D., Broughton R., Derwent R.G., Finnegan D., Hall J., 
Mineter M., O'Donoghue M. and Sutton M.A., (2001). Developing the Hull Acid 
Rain Model: its validation and implications for policy makers. Journal of 
Environmental Science and Policy.4, 25-37. 
-210- 
References list 
Misselbrook T.H., van der Weerden T.J., Pain B.F., Jarvis S.C., Chambers B.J., 
Smith K.A., Phillips V.R. and Demmers T.G.M., (2000). Ammonia emission 
factors for UK agriculture. Atmospheric Environment 34, 871-880. 
NEGTAP (2001) National Expert Group on Transboundary Air Pollution, 
Transboundary air pollution. Department of Environment, Food and Rural Affairs, 
London. 
Nemitz E., Sutton M.A., Schjoerring, J.K., Husted S. Wyers G.P., (2000). Resistance 
modelling of ammonia exchange over oilseed rape. Agricoltural and Forest 
Meteorology 105 405-425. 
Pielke R.A. (1984). Mesoscale Meteorological Modelling, Department of 
Amospheric Science Colorado State University. Academic Press. ISBN 0-12-
554820-6 
Press W., Teukolsky S., Vetterling W., and Flannery B., (1988), Numerical Recipes 
in C, The art of Scientific Computing, Cambridge university press, Cambridge UK. 
Saiway A.G., Eggleston H.S., Goodwin J.W.L., Berry J.E., and Murrells T.P., 
(1999).UK emissions of Air Pollutants 1970-1996. Report AEAT-3092, National 
Atmospheric Emissions Inventory, AEA technology, National Environmental 
Technology Centre. 
Sandnes H. and Tsyro S., (2000). Meteorological Input Data for EMEP/MSC-W Air 
Pollution Models. EMEP MSC-W Note 2/2000. 
-211- 
References list 
Seinfeld J.H., Pandis S.N., (1997), Atmospheric Chemistry and Physics: From Air 
Pollution to Climate Change. Wiley Interscience, New York. 
Simpson D., Fargerli H., Jonson J. E., Tsyro S. and Wind P., (2003) Transboundary 
Acidification, Eutrofication and Ground Level Ozone in Europe. Part 1. Unified 
EMEP Model Description. (Eds.) EMEP/MSC-W Report 1/03. Norwegian 
Meteorological Institute, Blindern. Norway. 
Singles R.J., (1996), Fine resolution modelling of ammonia dry deposition over 
Great Britain, PhD thesis, University of Edinburgh. 
Singles R.J., Sutton M.A. and Weston K.J., (1998) A multi-layer model to describe 
the atmospheric transport and deposition of ammonia in Great Britain. In: 
Atmospheric Ammonia Special Issue (Eds. Sutton M.A., Lee D.S., Dollard G.J. 
and Fowler D.) Atmospheric Environment 32, 393-399. 
Smith Rd., Fowler D., Sutton M.A., Flechard C. and Coyle M., (2000) Regional 
estimation of pollutant gas deposition in the UK: model description, sensitivity 
analyses and outputs. Atmos. Environ. 34, 3757-3777. 
Stevenson D.S., C.E. Johnson, W.J. Collins, R.G. Derwent and J.M. Edwards, 
(2000). Geophysical Research Letters, vol. 27, no. 14, 2073-2076, 2000. 
Støren E.. (1998). The EMEP/MSC-W Emission Database System. EMEP/MSC-W 
Report 1/98, Norwegian Methodological Institute. Oslo, Norway. 
-212- 
References list 
Sutton M.A. and Fowler D., (1993a). A model for inferring bi-directional fluxes of 
ammonia over plant canopies. World Meteorological Organisation, Geneva, 179-
182. 
Sutton M.A., Pitcairn C.E.R., and Fowler D. (1993b). The Exchamge of Ammonia 
Between the Atmosphere and the Plant Community. Advances in Ecological 
Research. Academic Press Linites, ISBN 0-12-013924-3. 
Sutton M.A., Asman, W.A.H., Schjoerring, J.K., 1994. Dry deposition of reduced 
nitrogen. Tellus 46B, 255-273 
Sutton M.A, Schjoerring, J.K., Wyers, G.P., (1995c). Plant-atmosphere exchange of 
ammonia. Phil. Trans. R. Soc. London A 351, 261-278 
Sutton M.A., Dragosits U., Tang Y.S. and Fowler D., (2000) Ammonia emissions 
from non-agricultural sources in the UK. Atmos. Environ. 34 (6), 855-869. 
Sutton M.A., Y.S.Tang, U. Dragosits, U. Love, D. Fowler, D. Hasler, Sansom S., 
Hayman L. G., (2001) Monitoring of nitric acid, particulate nitrate and other 
species in the UK. Interim report under the UK Acid Deposition Monitoring 
Network. 
Tarrasón, L. (ed.) (2003), EMEP Report 1/2003. Transboundary acidification, 
eutrophication and ground level ozone in Europe. Part II, Unified EMEP model 
performance, EMEP Status Report 2003, Norwegian Meteorological Institute, 
Oslo, Norway. www.emep.int. 
Tarrasón, L. and Schaug, J., 1999, Transboundary acid deposition in Europe, EMEP 




UN/ECE, (1999). Protocol to the 1979 Convention on long-range transboundary air 
pollution to abate acidification, eutrophication, and ground-level ozone. United 
Nations Economic Commission for Europe, Geneva, Switzerland. 
Van den Beuken R., (1997). Mapping emission and dry deposition of ammonia for 
Ireland. Forest Ecosystem Research Group report 24, Department of Environmental 
Resource Managmanet, university College Dublin, Ireland. 
Versteeg H.K. and Malaissekera W., (1995), An introduction to CDF, Longman 
group, UK. 
Vardoulakis S., Fisher B.E.A., Pericleous K., Gonzalez-Flesca N., (2003). Modelling 
air quality in street canyons: a review. Atmospheric Environment 37, 155-182. 
Vieno M., P. Wind, K.J. Weston, A.J. Dore, L. Tarrasón and M.A. Sutton. Fine scale 
application of the EMEP Unified air pollution model to the United Kingdom. 
Harmonisation conference proceedings, Crete, Greece, 2005. 
Webb E.K. (1970). Profile relationship: The log-linear range and extension to strong 
stability. Quaternary Journal Royal Meteorology Society 106, 85-100. 
-214- 
